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A study  of  the  mechanisms  of  simulated  nuclear  waste  glass/water 
interactions  and  effects  of  experimental  variables  such  as  glass 
composition,  leachant  pH  and  solution  composition  on  glass  leaching 
behavior  has  been  performed.  In  this  study,  nuclear  waste  glasses  were 
exposed  to  various  solutions  under  static  or  slow-flow  conditions  for 
several  periods  of  time.  Then  the  leachate  and  glass  surface  were 
analyzed  by  various  solution  and  surface  analytical  techniques  such  as 
ICP-AE,  FTIR,  SEM-EDS,  AES-IM  and  XPS  to  identify  and  elucidate  leaching 
mechanisms.  It  was  found  that  in  the  leaching  process,  there  is  a short 
period  of  alkali-proton  or  hydronium  ion-exchange  followed  by  a 
combination  of  matrix  dissolution  and  solution/precipitation 
reactions.  Solubility  of  the  leached  glass  species,  especially  that  of 
silica,  is  the  dominant  factor  controlling  the  chemical  durability  of 
waste  glasses  in  aqueous  solutions.  Solubilities,  protective  surface 
layer  build-up  and  colloid  stability  are  important  factors  in 
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determining  the  release  rates  of  the  various  components  of  waste 
glasses.  Experimental  variables  such  as  glass  composition,  pH,  and 
solution  composition  tend  to  change  the  solubility  of  the  leached  glass 
species,  thereby  affecting  glass  durability.  Based  on  the  similarity 
between  Si  OH  and  HOH  as  ligands  in  reacting  with  metal  cations,  a 
thermodynamic  approach  to  chemical  durability  of  glass  is  proposed. 
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CHAPTER  I 


INTRODUCTION 

Due  to  the  high  resistance  of  most  silicate  glasses  to  a variety  of 
chemical  environments,  glass  is  frequently  considered  to  be  an  inert 
substance  which  makes  it  useful  in  diverse  applications  such  as 
laboratory  ware,  windows,  linings,  containers,  fiber  optic 
communications,  electronics,  and,  recently,  nucl ear  waste  disposal. 

However,  most  glasses,  including  the  '‘chemically  resistant"  glasses, 
will  experience  localized  chemical  attack  and  form  a surface  composition 
that  may  be  substantially  different  from  that  of  the  bulk  glass. 

Surface-related  properties,  such  as  adsorption  of  gas,  reflection 
of  light,  reaction  with  biological  materials,  and  chemical  durability, 
may  be  critically  influenced  by  the  interaction  between  glass  and  its 
environment.  In  order  to  improve  the  long-term  reliability  and 
performance  of  this  class  of  materials,  it  is  necessary  to  understand 
the  interaction  between  a glass  surface  and  its  chemical  environment. 

A recent  problem  associated  with  this  interaction  arises  from 
containment  of  radioactive  waste  within  a glassy  matrix  structure.  It 
is  hoped  that  these  radioactive  wastes  can  be  prevented  from  entering 
the  biosphere  by  limiting  their  rate  of  leaching*  from  the  glass. 


*The  term  leaching  is  used  in  the  same  broad  sense  that  has  become 
conventional  in  nuclear  waste  studies;  that  is,  this  term  encompasses 
all  of  the  diverse  reactions  that  may  occur  when  water  in  any  form 
contacts  waste  glass. 
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Glass  as  a High-Level  Waste  (HLW)  Form 

The  general  strategy  in  isolating  nuclear  waste  is  to  impose  a 
series  of  barriers  between  the  waste  and  biosphere  for  periods  of  10^  to 
10  years.  Such  isolation  is  to  be  achieved  by  incorporating  the  waste 
in  a matrix  to  constitute  a "waste  form",  packing  the  form  in  a 
canister,  enveloping  the  canister  in  an  "overpack",  and  then  burying 
this  package  and  covering  it  with  backfill  in  a geological  repository. 
The  ultimate  barrier,  if  all  others  fail--for  example,  if  ground  water 
intrudes  from  the  repository  and  penetrates  the  backfill  and  canister-- 
is  the  waste  form  itself.  It  is  important,  therefore,  to  develop  waste 
forms  with  the  highest  possible  resistance,  within  acceptable  cost 
limits,  in  order  to  resist  attack  by  hydrolytic  leaching. 

At  present,  borosilicate  glass  and  a ti tanate-based  polycrystalline 
ceramic,  SYNROC,  have  been  selected  [1,2]  as  the  reference  and 
alternative  forms  for  the  U.S.  HLW  Program.  A principal  advantage  of  a 
glass  waste  form  is  that  it  involves  a one-step  processing  operation. 
Production  of  the  glass  waste  form  generally  requires  blending  a low- 
melting,  non-radioacti ve  glass  powder  called  frit,  with  the  radioactive 
calcine  or  slurry  and  melting  the  two  substances  together  to  form  a 
homogeneous  network.  The  glass  frit  waste  matrix  can  be  melted  and  cast 
directly  into  a metal  canister  or  melted  within  the  canister.  Such  a 
process  is  obviously  attractive  for  the  remote  operations  required  for 
highly  radioactive  wastes. 

The  ultimate  reliability  of  a waste  form  will  depend  upon  the  rates 
of  interaction  of  repository  ground  water  with  its  surface.  Thus, 
relative  leach  performance  has  been  given  the  highest  weighting  factor 
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in  HLW  form  evaluation  studies  [2-8],  Considerable  effort  has  been 
devoted  to  understanding  the  basic  mechanism  and  variables  that  control 
the  rate  of  leaching  of  nuclear  waste  glasses. 

The  nature  of  waste/glass  water  interactions  is  complex.  It 
depends  on  such  things  as  glass  composition,  ions  in  solutions,  solution 
pH,  Eh,  glass  surface  area  to  solution  volume  ratio,  solution  flow  rate, 
temperature,  time,  resorption  of  ions,  solubility  limits,  radiation 
field,  pressure  and,  in  all  probability,  several  other  parameters  and 
interdependencies  [9],  All  of  these  areas  need  considerable 
investigation  and  any  interdependencies  should  be  explored. 

The  purpose  of  this  dissertation  is  to  study  the  basic  mechanisms 
of  waste  glass/water  interactions  and  effect  of  experimental  variables 
such  as  glass  composition,  pH  and  solution  composition  on  the  chemical 
durability  of  glass  in  aqueous  solutions. 

Background 

Solubility  of  Amorphous  Silica 

As  silica  (SiC^)  is  the  major  component  of  silicate  glasses,  it 
seems  reasonable  to  start  the  study  of  glass  leaching  with  an 
investigation  of  the  reactions  between  silica  and  water. 

The  dissolution  and  deposition  of  silica  in  water  involves 
hydration  and  dehydration  reactions  catalyzed  by  OH"  ions.  The  soluble 
form  of  silica  is  monomeric,  containing  only  one  silicon  atom  and 
generally  formulated  as  Si ( OH ) 4 . This  is  called  monosi 1 icic  acid  or 
orthosilicic  acid.  For  massive  amorphous  silica,  the  equilibrium 
concentration  of  Si ( OH ) ^ at  25°C  corresponds  to  70  ppm  as  Si O2 . 


This  is 
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the  "solubility"  of  anhydrous  nonporous  amorphous  Si 02  [10].  However, 
except  for  fused  Si O2  glass,  the  common  forms  of  amorphous  silica 
consist  of  extremely  small  particles.  These  exhibit  a somewhat  higher 

solubility  so  that  most  powders  and  gels  have  a solubility  of  100-130 
ppm  Si 02  [10-12]. 

Between  pH  9 and  10.7,  silica  solubility  rises  rapidly,  owing  to 
the  formation  of  silicate  ions  in  addition  to  the  monomer  which  is  in 
equilibrium  with  the  solid  phase.  Above  pH  10.7,  all  the  solid  phase  of 
amorphous  silica  dissolves  to  form  soluble  silicate,  since,  at  higher 
pH,  the  concentration  of  Si(0H)4  is  greatly  lowered  by  conversion  to 

ionic  species,  so  that  no  amorphous  solid  can  remain  in  equilibrium 
[10-13]. 

The  fundamental  equilibria  involved  are  as  follows: 

Si 02  + 2H20  Si  ( OH ) 4 (i_a) 

Si(0H)^  + OH  H S i 0 ^ + 21^0  (1-b) 

HSi  O3  + OH  -«-->■  Si  0^  + (1-c) 

For  the  above  equations  at  25°C,  taking  the  ionization  constant  of 
water  as  10“^ 


[H+]  [HSi03“] 
[Si(0H)4] 


9-8  ^ 
10  and 


[H+]  [Si032"] 
[HSi 03~] 


10 


12.16 


These  constants  were  measured  by  Roller  and  Ervin  [13]. 


5 


Since  silica  is  the  major  component  of  silicate  glasses,  there  is 
no  doubt  that  the  pH-dependence  of  silica  solubility  will  affect  the 
chemical  durability  of  silicate  glasses.  The  pH  dependence  of  several 
binary  glasses  was  elucidated  by  Douglas  and  El-Shamy  [14].  They  found 
that  in  general,  the  extraction  of  silica  is  independent  of  pH  from  1 to 
7.  At  values  of  pH  >7,  the  rate  of  silica  extraction  increases  with 
pH.  Hubbard  and  Hamilton  [15]  found  that  with  most  glasses,  etching  of 
the  surface  becomes  severe  in  solutions  of  pH  >10  while  in  solutions 
with  pH  >2  and  <10  there  was  very  little  etching. 

Effects  of  Solution  Cations 

Certain  solution  cations,  such  as  A1  3+  or  Mg2+,  when  present  in  the 
solution  or  in  the  silica  surface,  not  only  reduce  the  rate  of 
dissolution  of  silica,  but  also  reduce  the  solubility  of  silica  at 
equi 1 i bri urn. 

The  effects  of  impurities  Al3+,  Ca2+,  Mg2+,  S0^-  and  F”  on  the 
solubility  of  silica  gel  in  water  were  studied  by  Dmitrevskii  [16].  He 
found  that  the  ions  F"  and  S0|~  have  no  effect  on  solubility,  but  the 
multivalent  cations  decreased  solubility  and  led  to  formation  of 
insoluble  silicates.  The  effects  of  A1 3+  ion  on  silica  solubility  have 
been  studied  extensively  [10,  17-20].  A1 3+  was  found  to  be  effective  in 
reducing  silica  solubility  between  pH  5 and  9;  it  rendered  the  silica 
completely  insoluble  at  pH  9.  A practical  application  of  this 
phenomenon  is  to  insol ubilize  the  silica  in  a porous  glass  membrane  by 
treating  the  membrane  every  100  hr.  with  an  aluminum  salt. 
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Insol ubi 1 izing  by  multivalent  ions  has  applications  where  the 
desire  is  to  get  rid  of  the  silica.  One  example  is  removal  from  cooling 
water  where  silica  is  deposited  on  equipment  as  temperature  is  reduced 
and  as  evaporation  occurs.  Lime,  magnesia,  and  alumina  [21-24]  are 
commonly  used  for  removing  silica  from  water.  Silica  is  adsorbed  and 
precipitated  by  these  insoluble  metal  hydroxides. 

The  soluble  silica  in  nature  provides  another  example  of  the  effect 
of  impurities  on  silica  solubility.  Concentration  of  silica  in  river 
waters  ranges  from  5 to  35  ppm  Si 02 , in  a few  samples  to  75  ppm.  By  the 
time  rivers  reach  the  sea  the  Si 02  may  range  from  2 to  14  ppm.  It  is 
possible  that  this  value  is  reached  at  the  equilibrium  solubility  of 
colloidal  alumino  silicate  in  suspension  [25]. 

Multivalent  ions  are  strong  adsorbers  on  a glass  surface  and  they 
are  very  effective  at  reducing  the  rate  of  attack  on  the  silica 
network.  Geffcken  [26]  observed  that  small  amounts  of  potassium 
silicate,  and  ions  of  some  bivalent  and  tri valent  metals 
(Ca2+,  Ba2+,  Zn2+ , Al3+,  and  8e2+)  greatly  reduce  the  alkaline  attack 
on  the  silica  network.  This  led  to  the  use  of  solutions  containing  some 
of  these  ions  in  commercial  bottle  washers  in  order  to  reduce  the 
degradation  in  appearance  of  the  bottles  [27]. 

Weyl  and  Marboe  [28]  found  that  Ca,  Zn,  and  A1  hydroxides  at  low 
levels  in  leachant  greatly  reduce  glass  leach  rate.  Hudson  and  Bacon 
[29]  examined  inhibitors  to  prevent  the  attack  of  3%  NaOH  solution, on 
glass.  The  best  was  beryllium,  which  almost  stopped  attack  at  a 
concentration  of  10  ppm.  Catechol,  then  zinc,  were  next  best  at  this 
concentration.  Aluminum  in  this  strong  alkaline  solution  was  only 
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slightly  better  than  barium,  lead  and  other  heavy  metals,  none  of  which 
were  very  effective  because  they  were  precipitated  from  the  solution. 

Molchanov  and  Prikhid'ko  [30]  suggested  that  the  important 
characteristic  of  inhibitors,  namely  that  the  rate  of  glass  leaching  is 
reduced  considerably  from  the  original  state,  is  due  to  preferential 
adsorption  of  ion  unhibitors  on  active  centers  of  the  glass  surface. 
According  to  the  above  workers  such  activation  centers  are  characteri zed 
by  the  lowest  activation  energy  for  attack  on  the  glass  by  OH"  ions. 
Thus,  the  leaching  reaction  can  continue  only  at  the  less  active  centers 
associated  with  a higher  activation  energy,  resulting  in  a general 
reduction  of  the  leaching  process. 

Weyl  [31]  stated  that,  for  an  agent  to  be  an  inhibitor  of  alkaline 
attack  on  the  silica  network  it  must  form  insoluble  complexes  on  the 
surface.  He  made  a correlation  between  the  effectiveness  of  these 
inhibitors  and  their  field  strength.  A similar  correlation  was  found  by 
Hudson  and  Bacon  [29].  However,  since  some  of  the  ionic  species  are  not 
very  soluble,  it  is  difficult  for  them  to  find  their  way  to  the  glass 
surface  to  inhibit  the  attack.  To  avoid  this  problem,  Das  [32]  has 
studied  the  correlation  between  the  inhibiting  ability  of  a cation  and 
its  field  strength  by  adding  cations  in  the  glass  composition.  He  found 
a relation  between  the  silica  extracted  in  any  given  time  and  the  field 
strength  of  the  added  cation. 

The  addition  of  certain  cations  into  leachant  to  inhibit  glass 
leaching  might  have  different  effects  in  comparison  with  cations  added 
to  glass  composition,  although  both  methods  might  result  in  similar 
glass  surface  composition. 
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Dilmore  et  al . [33]  found  that  when  A1  compounds  are  added  to  the 
leachant,  Al  ions  adsorb  onto  and  diffuse  into  the  glass  surface, 
forming  a protecoive  film  that  is  compositional ly  very  similar  to  the 
film  formed  during  leaching  of  glass  which  contains  2.5  to  5.0  mole  % 

Al 2O3  within  the  bulk  glass  [34].  The  presence  of  >25  ppm  Al 3+  ions  in 
solution  decreases  silica  leach  rate  but  has  relatively  little  effect  on 
the  alkali  leaching  process.  In  contrast  to  this,  both  silica  and 
alkali  leach  rates  were  diminished  when  Al 203  was  added  to  lithia 
silicate  glass.  The  addition  of  alumina  to  an  alkali  silicate  glass 
will  reform  Si-0  bonds  severed  by  alkali  ions;  it  also  "ties  up"  equal 
amounts  of  alkali  ions,  thereby  decreasing  both  silica  and  alkali 
leaching.  But  the  presence  of  Al^+  ions  in  leachant  forms  only  an 
insoluble  al umi no-si  1 icate  surface  film  and  decreases  silica  solubility 
in  the  leachant.  This  surface  film  might  not  be  thick  enough  to  act  as 
a physical  barrier  to  alkali  diffusion. 

Kinetics  of  Glass  Leaching 

The  mechanisms  and  kinetics  of  glass/water  interactions  have  been 
studied  for  over  50  years  and  have  resulted  in  the  publication  of 
several  hundred  articles.  Most  of  the  models  proposed  to  describe  glass 
leaching  in  aqueous  solutions  are  somewhat  similar  in  nature,  with 
varying  degrees  of  atomistic  complexity  [35-45].  Essentially  all  of  the 
models  involve  two  leaching  mechanisms: 

(1)  Ion  exchange:  It  is  generally  accepted  that  the  intial  stage 

of  attack  involves  an  exchange  between  hydrogen  or  hydronium  ions  from 
the  solution  with  mobile  ions  such  as  sodium  or  lithium  in  the  glass. 
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This  reaction  creates  a silica-rich  layer  on  the  glass  surface  and 
causes  an  increase  in  solution  pH.  The  kinetics  for  this  mechanism  are 
diffusion-control  led. 

(2)  Network  dissolution:  The  second  mechanism  of  attack  occurs  in 

a solution  of  pH  >9.  The  hydroxyl  ions  attack  the  siloxane  bonds  in  the 
glass  and  dissolve  the  silica  network  of  the  glass.  The  reaction 
kinetics  for  this  mechanism  are  surface-controlled.  This  mechanism  is 
one  of  much  concern  since  it  involves  destruction  of  the  network 
structure,  thus  causing  more  damage  to  the  glass  surface. 

The  equation  governing  the  rate  of  release  of  various  species  into 
the  leachant  is  given  by  Das  and  Douglas  [37]  as 

Q = at  ^ + bt  (2) 

where  Q is  the  quantity  of  alkali  extracted,  t is  the  exposure  time,  and 
a,  b are  the  reaction  rate  constants  for  the  ion  exchange  and  network 
dissolution  reactions,  respectively,  and  are  temperature-dependent. 

The  shortcoming  of  these  classical  models  is  that  they  do  not 
incorporate  enough  of  the  phenomena  occurring  during  leaching.  Perhaps 
this  is  not  necessary  for  simple  glasses,  but  it  certainly  becomes 
important  as  the  glass  complexity  increases.  Examples  of  parameters 
which  should  be  considered  are  the  solubility  or  equilibrium 
concentrations  of  ions  in  solution  and  the  interaction  of  these  ions 
with  the  glass  surface  to  change  the  leaching  characteristics  of  the 

glass.  Any  model  which  can  be  used  to  predict  long-term  leaching  has  to 
consider  these  phenomena. 
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Recent  studies  have  shown  that  in  the  leaching  of  nuclear  waste 
glass  there  is  a short  period  of  al k a 1 i -proton  or  hydronium  ion  exchange 
followed  by  a combination  of  matrix  dissolution  and 
solution/precipitation  reactions  [46-48].  Several  models  have  been 
proposed  to  describe  the  waste  glass  leaching  behavior  in  aqueous 
solutions.  Some  models  predict  a t 1^2  relationship  [47,  48]  for  the 
leachant  concentration  growth,  others  imply  a t1  relationship  [49,50]. 
For  example,  Wallace  and  Wicks  [47]  have  modified  the  classical  model  by 
including  a third  mechanism  of  kinetic  control.  Their  contention  is 
that  the  early  interdiffusion  and  matrix  dissolution  stages  reach 
equilibrium  quite  quickly,  after  which  a protective  layer  forms  on  the 
glass  surface  composed  of  these  insoluble  bulk  glass  components  that 
precipitate  from  the  leachant.  Subsequent  leaching  then  requires 
diffusion  through  this  protective  layer.  Thus,  the  long-term  variation 
of  the  cumulative  amount  leached  behaves  as  t^^  rather  than  t. 
Furthermore,  except  for  the  case  of  an  open  system,  where  there  is  no 
accumulation  of  the  leaching  products,  the  leachant  will  eventually 
become  saturated  and  t°  behavior  is  expected. 

The  kinetics  of  waste  glass  leaching  used  to  be  the  main  subject  of 
study.  However,  recent  studies  [9]  have  shown  that  once  the  surface  of 
waste  glasses  is  contacted  by  ground  water,  the  concentration  of  leached 
species  will  reach  saturation,  or  steady-state  concentrations,  within  a 
few  months  to  a year  at  70  to  90°C.  Thus,  reaction  kinetics  are  shown 
to  assume  much  less  importance  than  the  solubility  of  the  leached  glass 


species. 
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The  present  study  will  focus  on  the  solubility-related  phenomena 
such  as  surface  layer  and  colloid  formation  during  leaching  of  waste 
glass  in  aqueous  solutions  and  effects  of  experimental  variables  such  as 
pH  and  solution  compositions  which  are  likely  to  affect  the  solubility 
of  leached  species. 


Research  Outline 

Significant  advances  have  been  made  during  the  past  15  years  in 
understanding  the  glass/water  interactions.  The  major  reason  for  this 
advancement  is  the  large  array  of  surface  and  solution  analytical 
techniques  that  has  been  developed  and  applied  to  this  problem  area.  In 
Chapter  II,  several  techniques  which  are  being  routinely  used  to 
characterize  glass  leaching  will  be  discussed. 

Recent  studies  [9]  have  shown  in  the  leaching  of  waste  glasses, 
solubility  of  the  leached  species,  particularly  solubility  in  the 
altered  surface  layer,  is  the  dominant  factor  controlling  the  leaching 
behavior  in  a deep  geologic  repository.  Therefore,  it  is  essential  to 
study  the  solubility  of  these  leached  species  and  factors  which  affect 
it. 

In  the  waste  glass/ground  water  system,  metal  silicates  and  metal 
hydroxides  are  two  most  important  species.  The  basic  principles  for 
determining  their  solubilities  will  be  discussed  in  Chapter  III.  Also, 
based  on  these  principles,  a thermodynamic  approach  of  glass  durability 
in  aqueous  solution  is  proposed.  A series  of  leaching  experiments  was 
conducted  by  using  glass  composition  and  solution  pH  as  variables  to 
test  this  model. 
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Two  of  the  most  important  solubility-related  phenomena  for  waste 
glass  leaching  are  surface  layer  and  colloid  formation.  It  is  generally 
accepted  that  surface  layer  formation  is  the  dominant  factor  controlling 
the  long-term  stability  of  waste  glass  in  aqueous  solutions.  Colloid 
formation,  although  neglected  by  most  investigators,  was  found  to  be 
important  for  radionuclide  transport  and  is  closely  related  to  surface 
film  formation.  The  mechanism  and  effects  of  surface  layer  and  colloid 
formation  during  leaching  of  waste  glasses  under  static  and  flow  tests 
will  be  introduced  in  Chapter  IV.  The  relation  between  colloid 
stability,  surface  potential  and  surface  film  formation  will  be 
discussed  in  Chapter  VI. 

Water  chemistry  is  probably  the  single  most  important  variable  in 
glass  leaching.  Investigations  have  shown  that  the  presence  of  certain 
metal  species  in  solution,  such  as  A1 , Zn , Mg,  and  Ca,  improves  the 
leach  resistance  of  silicate  glasses  under  certain  coditions  [10]. 

These  ions  may  be  present  in  the  ground  water  or  they  may  originate  from 
the  ground  water  interaction  with  canister,  overpack  and  backfill 
materials.  A thorough  understanding  of  the  influence  of  each  solution 
ion  on  glass  leaching  behavior  is  necessary  to  make  the  best  possible 
prediction  of  the  long-term  performance  of  waste  glass  in  a deep 
geological  repositiory.  This  information  will  also  be  helpful  for  the 
selection  of  repository  site  and  canister,  overpack  and  backfill 
materials.  The  effects  of  monovalent  and  multivalent  cations  on  glass 
leaching  will  be  discussed  in  Chapters  V and  VI,  respectively. 

A general  theory  for  the  leaching  of  silicate  glasses  and  the 
effects  of  glass  composition,  solution  pH,  and  solution  composition  on 
glass  durability  will  be  described  in  Chapter  VII. 


CHAPTER  II 


MATERIALS  AND  METHODS 

Experimental  procedure  for  the  investigation  of  waste  glass 
leaching  is  quite  simple  in  principle:  a glass  sample  is  brought  in 
contact  with  an  aqueous  solution  for  a period  of  time,  then  the  leachant 
is  analyzed  to  determine  the  identity  and  amount  of  the  leached 
material.  Quite  frequently  the  analysis  of  the  aqueous  sample  phase  is 
complemented  with  a surface  analysis  of  the  glass  sample  for 
identification  and  understanding  of  the  various  leaching  mechanisms. 

Leaching  tests  are  usually  classified  into  two  basic  categories: 
static  and  dynamic.  They  evaluate  leaching  behavior  for  the  two 
conditions  of  stagnant  and  flowing  leachant.  Due  to  the  differences  in 
the  experimental  procedures  used  in  the  past,  correlation  of  the  data 
for  evaluating  performance  of  candidate  waste  forms  has  proven 
difficult.  This  has  promopted  various  attempts  to  establish 
standardized  leach  tests.  The  most  recent  and  encompassing  ones  are 
those  proposed  by  the  Materials  Characterization  Center  (MCC)  [9].  Most 
of  the  experiments  in  the  present  study  were  conducted  in  accordance 
with  the  MCC  methods.  This  chapter  will  be  concerned  with  the  glass 
sample  preparation,  leach  testing,  solution  and  surface  characterization 
techniques  that  are  used  in  this  study. 
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Glass  Sample  Preparation 

The  binary  alkali-silicate  glasses  used  for  this  study  were  pre- 
pared by  thoroughly  mixing  reagent  grade  alkali  carbonates  with  5 ym 
Min-U-Sil  (SiC^)  and  then  homogenizing  these  mixtures  for  24  hours 
inside  an  electric  furnace.  Platinum  crucibles  were  used  to  contain  the 
glasses  during  homogenization  to  minimize  potential  contamination  during 
the  high  temperature  processing.  The  actual  homogenization  temperature 
was  varied  depending  on  glass  composition  but  was  generally  maintained 
in  the  range  of  1100-1400°C.  After  the  molten  glass  was  removed  from 
the  furnace  it  was  cast  into  1 cm  x 1 cm  x 12  cm  bars  using  a graphite 
mold.  The  bars  were  placed  into  an  annealing  furnace  immediately  upon 
removal  from  the  mold,  maintained  between  400-500°C  for  5 hours  and 
furnace-cooled  to  room  temperature. 

The  annealed  cast  bars  were  sliced  into  0.2  cm  thick  specimens 
using  a slow  speed  diamond  impregnated  watering  saw  with  a 180-240  grit 
surface  finish.  Each  specimen  was  polished  on  all  six  sides  through  600 
grit  with  Si C paper  producing  a standard  surface  finish  on  all  speci- 
mens. Specimens  were  visually  inspected  under  an  optical  microscope 
after  polishing  to  insure  equivalency,  and  those  not  immediately  used  in 
an  experiment  were  stored  in  a desiccator. 

The  compositions  of  these  glasses  and  their  identification  codes 
are  given  in  Table  2-1. 

A series  of  simulated  nuclear  waste  glasses  developed  by  Savannah 
River  Laboratory  (SRL)  were  prepared  in  our  laboratory  from  glass  frit 
and  simulated  wastes  supplied  by  SRL  using  procedures  similar  to  those 
described  above.  The  compositions  of  the  two  most  commonly  used  sim- 
ulated nuclear  waste  glasses  (SRL  131-29.8%  TDS  and  DWRG)  are  shown  in 


Table  2-2. 
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Table  2-1 
Model  glasses 


Glass  Code 
33L 

33N 

33K 

33R 

33C 


Glass  Composition 
33  M0L%  Li 20 
67  M0L%  Si 02 

33  M0L%  Na20 
67  M0L%  Si 02 

33  M0L%  K20 
67  M0L%  Si 02 

33  M0L%  Rb20 
67  M0L%  Si 02 

33  M0L%  Cs20 
67  M0L%  Si 02 
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Table  2-2 

Composition  of  nuclear  waste  glasses 

El ements 

dwrg  srl 

131  29.8%  TDS 

49.9 

44.1 

*23 

10.05 

14.4 

NaoO 

9.20 

13.7 

B 203 

Af203 

6.77 

6.58 

10.4 

3.4 

Li  ?0 

4.85 

4.0 

MnOo 

3.09 

4.1 

u3^8 

2.61 

NiO 

2.01 

1.7 

CaO 

1.95 

1.2 

Zr02 

0.94 

0.4 

MgO 

0.74 

1.4 

SrO 

0.46 

Cs3°3 

0.31 

Cr203 

0.06 

P2°5 

TiOo 

0.17 

0.7 

CeOo 

k2o 

Nd203 

ZnO 

CuO 

0.01 

CoO 

0.02 

La2°3 

0.4 

s03 

0.1 
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Leach  Testing 

Prior  to  immersing  in  corrosion  solution,  each  specimen  is  ultra- 
sonically  cleaned  in  either  reagent  grade  acetone  or  absolute  ethanol 
for  10-30  minutes.  Previous  results  have  shown  that  reagent  grade 
ethanol  (denatured)  contains  a small  percent  of  water  and  is  not 
suitable  for  cleaning  model  glasses. 

For  static  tests,  glass  samples  are  suspended  inside  either  a PFA 
Teflon  (60  ml  capacity)  or  linear  polyethylene  (60  ml  capacity)  corro- 
sion cell  and  then  placed  inside  either  a Blue  M water  bath  or  Blue  M 
convection  oven  as  shown  in  Figures  2-1  and  2-2. 

For  flow  tests,  the  experimental  setup  is  as  shown  in  Figure  2-3. 
Leachant  is  passed  from  a large  reservoir  via  a peristaltic  pump, 
through  a PTFE  Teflon  cell  (leaching  vessel)  containing  the  waste  glass, 
which  is  placed  inside  a Blue  M convection  oven.  Solution  flowing  out 
of  the  cell  is  collected  in  a polyethylene  collection  container  placed 
outside  the  oven.  The  temperature  inside  the  leaching  vessel  was  main- 
tained at  90°C  for  all  the  experiments. 

Solution  Analysis 

The  concentrations  of  various  species  present  in  the  solution  after 
leaching  are  measured  with  atomic  absorption  (AA),  atomic  emission  (AE), 
inductively  coupled  plasma  atomic  emission  spectrometry  (ICP-AE)  and 
colorimetry.  For  most  of  the  experiments,  ICP-AE  has  been  used  for 
analyzing  all  the  elements.  It  has  many  advantages  over  AA,  AE  and 
colorimetry  such  as  higher  speed,  precision  and  convenience  which  are 
unequalled  by  other  analytical  techniques. 
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Corrosion  Cell  - Sample  Assembly 


O.l  mm  dia.  Nylon  Thread 

Solution 

Somple 


Cell  Materials:  Linear  Polyethylene 
Cell  Volume:  60  ml 
SA/V  = 0.1  cm'1 

Sample  Size:  10  mm  x 10  mm  x 2 mm 
Surface  Finish:  600  grit  SIC 
Cleaning:  3 Times  in  Absolute  Ethanol;  10  Minutes 
Each  Time  in  Ultrasonic  Cleaner 


Constant  Temp.  Water  Both 


Water 

Grill 


Figure  2-1.  Schematic  of  the  experimental  config- 
uration for  static  aqueous  leaching. 


ENVIRONMENTAL  TESTING  SYSTFM 
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Figure  2-2.  Schematic  of  the  bulk  experimental  arrangement  for  static 
aqueous  leaching. 
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Figure  2-3.  Schematic  of  experimental  configuration  of  continuous  flow  test. 
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In  the  ICP,  liquid  samples  are  introduced  into  a spray  chamber  with 
the  help  of  a nebulizer.  The  nebulizer  converts  the  liquid  sample  into 
a fine  aerosol.  Argon  gas  flows  through  a torch  which  carries  the 
smaller  aerosol  droplets  of  sample  into  the  conical  channel  of  plasma. 
The  high  temperature  of  the  plasma  produced  by  a radio  frequency 
generator  dissolves  the  droplets  and  dissociates  them  into  individual 
atoms  and  ions.  They  are  excited  to  emit  light  at  various  wavelengths 
characteristic  of  the  element,  which  are  analyzed  by  a spectrometer. 

The  spectral  intensities  are  directly  proportional  to  the  elemental 
concentrations.  The  photomultiplier  converts  the  light  energy  into 
electrical  signals  which  are  then  digitized  and  processed  by  the 
instrument's  computer. 

The  ICP  used  in  our  laboratory  is  the  one  for  sequential  elemental 
analysis  with  a Czerny-Turner  scanning  optical  revolving  system.  It 
performs  either  precise  qualitative  elemental  surveys  or  quantitative 
elemental  analyses.  The  detection  limits  for  the  major  elements  ana- 
lyzed using  ICP,  AE  and  colorimetry  are  shown  in  Table  2-3. 

Raw  data  are  obtained  in  the  form  of  parts  per  million  (ppm)  which 
are  equivalent  to  mg  of  species  per  liter  of  solution  (mg/1).  There  are 
two  methods  used  for  plotting  solution  data--either  the  concentration  in 
ppm  for  each  species  versus  time,  or  the  normalized  mass  loss.  The 
second  method  requires  that  the  raw  data  be  normalized  for  the  fraction 
of  species  present  in  the  uncorroded  glass.  The  following  equation  is 
used  to  convert  raw  corrosion  data  into  normalized  mass  loss: 


g/m 


2 


SA 


(3) 
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Table  2-3 

Estimated  detection  limits  of  instruments  used 


Instrument 

Si  1 ica 

Boron 

Sodi urn 

Li thi urn 

Colorimet ry 
(HACH  Model  DR/2) 

0.01  ppm 

0.1  ppm 

Atomic  Emission 
(Heath  Model  703) 

3.0  ppm 

0.003  ppm 

0.001  ppm 

Inductively  Coupled  Plasma 
Emission  Spectrometer 
(Allied  Analytical  Systems, 
Plasma  200) 

0.13  ppm 

0.01  ppm 

0.03  ppm 

0.8  ppm 
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where  Q 

= ppm  of  species  in  solution,  g/m3 

V 

= volume  of  solution,  m3 

SA 

= surface  area  of  glass,  m3 

f 

= fraction  of  species  present 
in  uncorroded  glass 

and  1 ppm  * 1 mg/1  = 1 g/m3 

The  use  of  normalized  mass  loss  versus  corrosion  time  plots  is  recom- 
mended by  the  MCC  because  this  method  can  be  used  to  compare  corrosion 
rates  of  glasses  with  different  compositions  and  also  provide  an 
indication  of  corrosion  mechanism.  If  normalized  mass  loss  curves 
coincide  for  all  species,  the  glass  is  undergoing  congruent  dissolution. 

Surface  Characterization 

The  development  of  new  techniques  to  characterize  the  properties  of 
surfaces  has  experienced  tremendous  growth  over  the  last  15  years.  This 
permits  the  quantitative  analysis  of  glass  surfaces  and  gives  a more 
mature  recognition  of  the  role  of  surfaces  in  glass  performance.  The 
surface  is  defined  by  the  depth  over  which  the  composition  and  structure 
differ  appreciably  from  the  bulk.  In  practice,  of  course,  the  surface 

is  defined  by  the  depth  of  analysis,  and  hence,  results  must  be  inter- 
preted on  this  basis. 

Surface  film  formation  during  glass  leaching  in  aqueous  solutions 
is  a common  feature  for  all  glasses.  It  is  generally  accepted  that  the 
chemical  composition  and  morphology  of  these  surface  films  provide 
insight  into  the  long-term  durability  of  glasses.  A variety  of  surface 
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analytical  techniques  has  been  used  to  study  the  basic  mechanisms  of 
glass  leaching  and  surface  film  formation.  Table  2-4  lists  techniques 
most  commonly  used  for  studying  glass  surfaces. 

The  primary  techniques  used  in  this  study  were  scanning  electron 
microscopy  (SEM)  with  energy-di spersi ve  x-ray  spectroscopy  (EDS), 

Fourier  transformed  infrared  reflection  spectroscopy  (FT-IRRS),  optical 
microscopy,  Auger  electron  spectroscopy-ion  milling  (AES-IM)  and  x-ray 

photoelectron  spectroscopy  (XPS).  Phase  identification  work  relied  pri- 
marily upon  x-ray  diffraction. 

Most  leached  glass  surfaces  involve  inhomogeneity  both  in  depth  and 
across  the  glass  surface.  Corrosion  products  on  the  glass  surface  could 
cause  problems  on  the  determination  of  surface  composition  by  surface 
sensitive  techniques,  such  as  XPS  or  AES,  since  the  composition  of  such 
products  might  be  different  from  that  of  the  underneath  surface  layer. 

It  is,  therefore,  essential  to  have  the  surface  morphology  information 
before  using  those  surface  sensitive  techniques. 

The  SEM  is  one  of  the  most  widely  used  tools  for  morphologic  and 
microstructural  characterization  of  glasses.  The  use  of  energy- 
dispersive  x-ray  analysis  in  the  SEM  (SEM-EDS)  makes  compositional 
analysis  of  the  observed  surface  also  possible.  The  combination  of  high 
resolution,  near  3-D  imaging,  and  compositional  analysis  of  the  micro- 
structural  features  observed  makes  the  SEM  perhaps  the  most  powerful 
general  characterization  tool  currently  available.  However,  since  its 
depth  of  analysis  is  relatively  large  (~  1 um),  and  also  because  it  is 
not  capable  of  detecting  low  Z (Z  < 9)  elements,  more  surface  sensitive 
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Table  2-4 

Techniques  currently  used  for  studying  glass  surfaces 


Surface  Composition 

Auger  Electron  Spectroscopy  - Ion  Milling  (AES-IM) 

Secondary  Ion  Mass  Spectroscopy  (SIMS) 

Electron  Spectroscopy  for  Chemical  Analysis  - Ion  Milling  (ESCA-IM) 
Electron  Microprobe  Analysis  (EMP) 

Nuclear  Reaction  Analysis  (NRA) 

Sputter-Induced  Photon  Spectroscopy  (SIPS) 

Ion  Scattering  Spectroscopy  (ISS) 

Rutherford  Backscattering  (RBS) 

Particle  Induced  X-ray  Emission  (PIXE) 


Surface  Morphology 

Scanning  Electron  Microscopy  - Energy  Dispersive  Spectroscopy  (SEM-EDS) 
Scanning  Auger  Microscopy  (SAM) 

Optical  Microscopy 


Surface  Structure 


Infrared  Reflection  Spectroscopy  (IRRS) 
Fourier  Transform  - IRRS  (FT-IRRS) 
Diffuse  Reflectance  (FT-IRRS) 

Small  Angle  X-ray  Scattering  (SAXS) 
Transmission  Electron  Microscopy  (TEM) 
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techniques,  such  as  AES,  XPS  and  SIMS,  are  used  to  characterize  the 

glass  surface  layer.  Table  2-5  summarizes  some  character! stcs  of  these 
techniques  [51-60]. 

The  basic  principle  of  these  surface  techniques  is  to  excite  the 
sample  surface  atoms  by  electrons,  ions  or  x-rays  and  to  detect  the 
particles  (electrons,  ions)  or  x-rays  emitted  from  the  sample  surface. 
All  of  these  techniques  require  a vacuum  because  of  the  interaction  of 
the  exciting  or  response  particles  with  gaseous  molecules.  The  detec- 
tion depth  is  determined  by  either  the  escape  depth  of  the  ejected 
particles  or  by  the  penetrating  depth  of  the  exciting  particles.  It  is 
worth  noting  that  sample  handling  and  preparation  can  be  critical  to 
surface  composition  analysis.  Even  a monolayer  of  hydrocarbon  or  sodium 
chloride  on  the  sample  surface  will  alter  XPS,  ISS  or  AES  analyses. 
Contaminants  can  be  removed  by  techniques  such  as  etching  via  an  ion 
bombardment  gun,  or  alternatively,  they  can  be  prevented  by  fracturing 
the  sample  within  the  test  chamber.  However,  sample  treatment  is  dis- 
couraged in  many  cases,  especially  where  the  natural  surface  is  of 
interest,  since  almost  any  procedure  will  tend  to  modify  the  sample 
surface  composition. 

Since  the  detection  depths  for  AES,  XPS  and  ISS  are  extremely  shal- 
low, sputter  profiling  is  sometimes  necessary  to  perform  an  in-depth 
analysis  of  the  glass  surface.  Sputtering  of  surfaces  with  rare  gas 
ions  has  been  extensively  used.  However,  in  addition  to  sputter  etch- 
ing, ion  bombardment  can  cause  various  physical  and  chemical  changes  on 
the  sample  surfaces  and  in  the  underlying  layers,  such  as  surface 
mixing,  roughening,  cratering  and  composition  changes.  Thus,  any  depth 


Characteristics  of  surface  analytical  techniques 
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compositional  profiling  using  ion  sputtering  in  conjunction  with  AES  or 
ESCA  should  be  treated  with  extreme  caution  [61,62].  SIMS  and  SIPS  are 
inherently  depth  profiling  methods,  since  sputtering  of  the  surface  is 
the  fundamental  basis  of  these  techniques.  That  is,  changes  in  the  SIMS 
or  SIPS  signal  with  sputtering  time  can  be  related  to  changes  in 
chemical  composition  with  depth.  For  NRA  and  RBS,  sputtering  is 
unnecessary  for  depth  analysis  because  the  high  energy  primary  particles 
used  with  these  techniques  can  penetrate  approximately  1-10  ym  into  the 
target.  RBS  and  NRA  are  therefore  capable  of  non-destructive  depth 
profiling. 

Difficulties  may  arise  when  surface  analysis  techniques  are  applied 
to  glasses,  owing  to  their  insulating  nature  and  to  the  mobility  of  non- 
network cations.  Since  the  techniques  listed  in  Table  2-4  involve  the 
bombardment  of  the  surface  with  electrons,  x-rays  or  ions,  atomic 
species  at  the  surface  are  subject  to  local  electric  fields,  thermal 
excitation,  and  atomic  collisional  processes.  Thus,  charging,  electro- 
migration and  electron  beam  effects  can  complicate  the  analysis  and  even 
damage  the  sample.  This  is  a particularly  serious  problem  during  AES 
analysis  of  glass  surfaces  due  to  its  high  beam  energy  and  small  spot 
sizes.  Detailed  discussion  of  these  problems  can  be  found  in  references 
[63-70],  In  general,  many  of  these  problems  can  be  avoided  by  (1)  re- 
ducing the  conduction  path  length  with  metal  masks,  grids  or  coatings 
over  the  sample,  (2)  reducing  the  current  density  by  choosing  the  proper 
angle  of  incidence  beam  and  bombarding  energy,  (3)  neutralizing  the 
charge  by  simultaneous  bombardment  of  the  surface  with  an  ion  or  elec- 
tron beam,  (4)  reducing  the  mobility  of  modifier  ions  by  cooling  the 
sample  to  liquid-nitrogen  temperature,  and  (5)  reducing  analysis  time. 
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Each  of  these  surface  techniques  has  its  own  advantages  and  disad- 
vantages, and  is  sensitive  to  particular  characteristics  of  the  surface. 
For  example,  ESCA  can  be  valuable  for  analysis  of  chemical  state  data 
and  can  cause  minimum  surface  damage,  but  it  has  the  disadvantages  of 
poor  spatial  resolution  and  slow  data  accumulation.  SIMS  has  excellent 
sensitivity  for  some  elements,  but  is  hampered  by  sputtering  effects. 

ISS  is  uniquely  sensitive  to  the  outermost  atomic  plane,  but  gives  no 
chemical  information  and  has  poor  mass  resolution.  AES  provides  good 
elemental  sensitivity  and  lateral  resolution,  but  is  subject  to  elec- 
tron-beam damage.  Both  RBS  and  NRA  can  give  quantitative  elemental 
analysis,  but  the  former  has  low  sensitivity  for  low  Z elements  while 
the  latter  is  poor  for  high  Z elements. 

Selection  of  a proper  surface  characterization  technique  for  a 
particular  problem  is  difficult,  since  the  characteristics  of  both  tech- 
niques and  costs  have  to  be  considered.  In  some  cases,  no  single  analy- 
tical method  is  capable  of  completely  characteri zi ng  the  glass  surface. 

A combination  of  several  techniques  will  usually  lead  to  a better  under- 
standing of  the  sample. 

One  of  the  most  commonly  used  techniques  in  this  study  for  examin- 
ing glass  structure  and  composition  is  FT-IRRS.  There  are  several 
advantages  to  the  technique.  It  does  not  require  a vacuum  or  energetic 
particles;  thus,  it  does  not  alter  the  surface  as  may  AES,  ESCA  and 
SIMS.  Also,  it  is  applicable  to  in-situ  glass  surfaces  of  nearly  any 
configuration.  It  can  be  used  for  analysis  of  large  or  small  areas, 
bulk  glasses  or  powders,  and  is  rapid  and  inexpensive.  The  IRRS  method 
can  be  used  as  an  automated  analytical  tool  for  quality  control  and  also 
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can  be  coupled  with  solution  analysis,  making  it  especially  suitable  for 
characterization  of  surface-envi ronmental  interactions. 

Typically,  specular  reflectance  is  used  for  analysis  and  is 
adequate  for  smoothly  polished  flat  samples.  Diffuse  Reflectance 
FT-IRRS  (DRIFT)  is  especially  suitable  for  structure  analysis  of 
powdered  sample  or  rough  surfaces. 

The  peaks  of  interest  on  a typical  infrared  reflection  spectrum  for 
a binary  alkali  silicate  glass  are  designated  by  the  letters  shown  on 
Figures  2-4  and  2-5.  Simon  and  McMahon  [71]  assigned  the  strong  peak  at 
1050  cm  * to  the  strength  of  a Si-0  bond  where  the  oxygen  atom  is  part 
of  the  network  (silicon  bridging  oxygen  bond).  This  peak  is  called  the 
S peak.  On  the  lower  frequency  side  of  this  peak  is  another  peak  which 
appears  when  alkali  oxide  is  added  to  vitreous  silica.  This  peak  at 
around  940  cm"1  is  due  to  the  stretch  of  a Si-0  bond  where  the  oxygen  is 
a nonbridging  oxygen  (silicon  nonbridging  oxygen  stretch  peak)  and  it  is 
given  the  designation  NS. 

Certain  changes  in  the  IRRS  spectra  take  place  after  corrosion  of  a 
glass  surface,  especially  a binary  alkali  silicate  glass.  Figures  2-4 
and  2-5  show  spectra  for  a 33L  glass  after  it  has  been  corroded  with 
deionized  water  at  25°C  up  to  48  hours. 

One  can  see  that  after  the  sample  has  been  leached  the  silicon- 
bridging oxygen  stretching  peak  (S  peak)  sharpens,  increases  in 
intensity  and  shifts  to  a larger  wave  number  as  illustrated  in  Table  2- 
6.  This  is  accompanied  by  a decrease  of  intensity  as  well  as  a shift  to 
a lower  wavenumber  for  the  silicon  nonbridging  oxygen  stretching  peak 
(NS)  at  around  940  cm  These  changes  produce  a spectrum  which  more 


33  L LEACHED  IN 
DEIONIZED  WATER 
AT  25°c,  SA/V=  O.lcm*' 
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Figure  2-4.  Infrared  reflection  spectra  for  bulk  33L  glasses  leached  in 
deionized  water  for  up  to  16  hours. 


VITREOUS  SILICA 
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Figure  2-5.  Infrared  reflection  spectra  for  vitreous  silica,  uncorroded  33L, 
and  33L  glass  leached  in  deionized  water  for  48  hours. 
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Table  2-6 

FT-IRRS  analyses  of  33L  glasses  leached  in 
deionized  water  at  25°C,  SA/V  = 0.1  cm-1 


Leach  Time 


S*  Peak  Position  NS**  Peak  Position 


0 

1052 

948 

1 min. 

1058 

942 

1 hr. 

1094 

934 

5 hrs. 

1096 

918 

16  hrs. 

1096 

908 

48  hrs. 

1098 

878 

* Silicon  bridging  oxygen  stretching  peak 

**  Silicon  non  bridging  oxygen  stretching  peak 
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closely  resembles  that  of  vitreous  silica  than  the  original  glass.  This 
is  direct  evidence  of  the  leaching  of  alkali  ions  from  the  surface  from 
direct  analysis  of  the  surface. 

Sanders  et  al . [72]  demonstrated  that  shifts  of  the  silicon 
bridging  oxygen  stretch  peak  from  IRRS  spectra  could  be  used  to  follow 
glass  corrosion  and  to  obtain  the  composition  of  the  surface  of  a 
corroded  glass.  Since  glasses  can  undergo  rather  severe  roughening 
during  leaching,  a scattering  of  the  reflected  beam  results,  causing  the 
whole  spectrum  to  be  lower  than  expected.  The  frequencies  of  the 
various  peaks,  however,  are  independent  of  the  surface  roughness  so  that 
shifts  of  the  peaks  can  be  used  without  accounting  for  surface 
roughness.  Using  plots  of  S peak  wave  number  vs.  Na20  concentration  in 
the  glass  obtained  from  freshly  abraded  samples  as  a calibration  curve, 
Clark  et  al . [73]  determined  the  surface  concentration  of  Na?0  for  the 
glasses  20N  and  20N10C  corroded  for  various  times.  Good  agreement  was 
obtained  between  the  surface  sodium  concentrations  obtained  by  this 
procedure  and  electron  microprobe  analysis. 

The  sampling  depth  for  IRRS  is  approximately  0.5  um  which  permits 
the  analysis  of  thin  corrosion  films.  This  technique  is  especially  well 
suited  for  the  investigation  of  binary  alkali  silicate  glasses  in  which 
quantative  analysis  is  possible.  For  the  more  complicated  nuclear  waste 
glasses,  it  provides  a qualitative  analysis  of  glass  surface  structure 
and  composition. 
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Summary 

Each  surface  and  solution  characterization  technique  provides 
unique  information,  all  of  which  is  essential  for  the  complete  charac- 
terization of  glass  leaching.  Data  obtained  from  any  one  method  can  be 
misleading  and  will  often  lead  to  erroneous  measurement  and  faulty 
interpretation  of  glass  leaching.  This  is  especially  important  with 
more  complex  glass  systems  involving  multiple  film  formation  or  entrap- 
ment of  certain  species  in  the  leached  layer.  In  this  study,  techniques 
described  above  have  been  used  for  measuring  glass  leaching  on  binary 
model  glasses  as  well  as  more  complex  simulated  nuclear  waste  glasses 
exposed  to  a wide  range  of  environmental  conditions. 


CHAPTER  III 


HYDROLYSIS,  ADSORPTION  AND  GLASS  LEACHING 
Introduction 

The  long  radioactive  half  lives  of  fission  products  and  actinides 
in  high-level  nuclear  wastes  require  that  they  be  isolated  from  the  bio- 
sphere for  103  to  105  years.  Obviously,  it  is  impossible  to  directly 
demonstrate  the  long-term  stability  of  waste  glass  by  experimental 
results  in  a laboratory.  Additionally,  the  waste-glass-ground-water 
system  is  very  complex;  dozens  of  elements  are  involved  in  the  system 
and  variables  such  as  Eh,  pH,  ground  water  and  glass  compositions  fur- 
ther increase  its  complexity.  It  is  very  difficult  to  predict  the  waste 
glass  leaching  behavior  under  repository  conditions  from  laboratory 
results. 

Equilibrium  thermodynamics  can  provide  a basis  for  assessing  the 
long-term  stability  of  nuclear  waste  glass,  and  also  help  to  explain  the 
effects  of  experimental  variables  such  as  composition,  pH,  or  Eh  on 
glass  leaching.  Since  glasses  are  unstable  with  respect  to  an  assem- 
blage of  alteration  products,  thermodynamic  equilibrium  between  the 
glass  phase  and  the  leaching  solution  can  never  be  achieved.  However, 
previous  studies  [11]  have  shown  that  equilibrium  between  leachate  and 
the  alteration  phases  resulting  from  the  leaching  of  the  waste  glass  can 
be  achieved  within  a short  period  of  leaching.  Solubility-related  phe- 
nomena are  the  dominant  factor  controlling  the  leaching  behavior  of 
waste  glass  in  a geologic  repository.  In  the  following  discussion,  we 
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use  equilibrium  thermodynamics  to  interpret  the  interaction  between 
metal  ions  and  water,  followed  by  the  interaction  of  metal  oxide  and 
simple  glasses  with  water,  and  finally,  the  leaching  of  multicomponent 
waste  glasses  in  aqueous  solutions. 

Thermodynamic  Approach  (Theory) 

Hydrolysis  of  Metal  Ions 

Because  metal  ions  are  positively  charged,  they  attract  the  un- 
shared electron  pair  of  water  molecules.  The  negative  end  of  the  water 
dipole  is  oriented  towards  the  metal  cations,  as  shown  in  Figure 
3-1-a.  The  strength  of  attraction  increases  with  the  charge  of  the  ion 
and  is  strongest  for  small  ions.  Figure  3-1-b  shows  the  interaction  of 
a water  molecule  with  a cation  of  +3  charge.  The  electron  density  drawn 
from  the  oxygen  causes  the  0-H  bond  to  become  more  acidic  than  those  in 

the  bulk  solvent.  The  hydrated  metal  ion  thus  acts  as  a source  of 
protons : 

M(H20)nz+  „ M(H20)(n_1)(0H)<z-1>t  + (4-a) 

In  this  way  species  can  be  produced  that  contain  OH",  H20  and  0"2 
ligands.  This  reaction  is  known  as  hydrolysis.  The  equilibrium  con- 
stant of  equation  (4-a),  K11#  increases  nearly  linearly  with  the  ratio 
of  the  cation  charge,  Z,  to  the  M-0  interatomic  distance.  This  is 
illustrated  in  Figure  3-2,  wherein  the  various  cations  have  been  grouped 
according  to  their  A value  in  expression  [74] 


log  Kn  = A + 11.0(Z/d)  (A  = -16—22) 


(4-b) 
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(a) 


Strong  electrostatic 
interaction 


Figure  3-1.  Schematic  representation  of  the  interaction  between 
water  molecules  and  (a)  cation  of  +1  charge,  (b) 
cation  of  +3  charge. 
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Figure  3-2.  Log  hydrolysis  constants  vs.  charge/M-0  interatomic 
distance.  After  Baes  C741. 
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The  value  of  A depends  on  the  degree  of  ionic/covalent  bonding  between  M 
and  0.  The  hydroxide  complexes  formed  are  often  polynuclear;  that  is, 
they  contain  more  than  one  metal  ion.  Hydroxide  bridges  seem  to  be 
responsible  for  the  formation  of  nearly  all  polynuclear  species  of  the 
M 2,  M+3,  and  M+4  cations.  The  strong  tendency  of  OH"  to  coordinate 
more  than  one  cation  in  solution  to  form  bridges  is  almost  unique  among 
the  simple  ligands.  It  is  probably  caused  by  the  relatively  large  nega- 
tive charge  that  can  reside  on  the  oxygen  atom  in  the  electric  field  of 
two  or  more  neighboring  cations.  This  unique  property  of  oxygen  plays 
an  important  role  in  glass  leaching  and  will  be  discussed  later.  If 
other  ligands  (e.g.  HSiO^,  Cl",  S"2)  are  present  in  solution,  there  will 

■Cr  rr-eW 

be  competition  between  the  ligand,  L,  and  the  products  of  hydrolysis.  A 
general  formula  for  the  final  hydrolysis  product  is 

Ma°b(0H)c  (H20)d  Le  Hf . 

Solubility  Limit  of  Metal  Oxide  or  Hydroxide  in  Aqueous  Solution 

Consider  a divalent  metal  oxide  or  hydroxide  in  equilibrium  with 
water.  The  reaction  scheme  for  hydroxide  formation  can  be  written  as 

M2V  M(0H)+  <■*  M(0H)°  M(0H)“  <-+  M(0H)2  ^ ...  (5) 

+ + 

M(0H)2  nH20  (solid) 
or 

MO  nH20  (solid) 

The  total  amount  of  metal  ions  dissolved  in  water  is  the  summation 
of  all  hydrolysis  products  as  illustrated  in  Figure  3-3.  The  heavy 
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Figure  3-3.  Solubility  diagram  of  metal  hydroxides  or  oxides. 
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curve  is  the  total  concentration  of  metal  ion  dissolved  in  water.  The 
pH  at  which  [M ( OH ) 3]  = [!'i(0H)+]  is  usually  the  iso-electric  point  (IEPS) 
of  the  oxide,  which  is  also  the  pH  associated  with  minimum  solubility. 
This  is  not  surprising,  since  H+,  OH",  and  all  hydroxo  complexes  play 
important  roles  in  establishing  surface  charge  of  oxide  or  hydroxide  and 
are  potenti al -determi ni ng  ions.  The  reactions  that  occur  on  the  metal 
oxide  surface  which  determine  the  iso-electric  point  of  metal  oxide,  are 

-M$0H  + H+  ^ -M$0H+  (6-a) 

and 

"MS0H  + OH"  «--►  -Ms (0H)~  (6-b) 

Equilibrium  constants  are  determined  by  the  cation  M and  assumed  nearly 
equal  to  those  for  the  analogous  hydrolysis  reactions  from  which  the 
solubility  of  metal  hydroxide  is  determined: 

H + M(0H)2  (aq)  ^ M(0H)+(aq)  + H2°  (7"a) 

and 

on-  + «(0H)2  (aq)  H(0H)-  (aq)  (7-b) 

According  to  Parks  [75],  there  is  a linear  relationship  between 
IEPS  and  Z/R  of  cations.  It  can  be  expressed  as 

IEPS  = 18.6-11.5  (Z/R)eff  (8) 

and  shown  graphically  in  Figure  3-4.  Equation  8 is  similar  to  equation 
4-b  which  indicates  the  similarity  between  surface  and  solution 
reactions.  It  is  also  found  by  Healy  and  Furstenau  [76]  that  there  is  a 
linear  relationship  between  the  IEPS  of  inorganic  oxides  and  their  heat 
of  immersion  in  water.  They  explained  this  relationship  in  terms  of 
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Figure  3-4.  IEPS  of  metal  oxides  vs.  charge/effective  radius. 
After  Parks  C753. 
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electrostatic  field  strength  of  the  oxide  surfaces,  which  controls  the 
adsorption  and  dissolution  of  water  at  the  oxide  surface. 

We  may  conclude  from  the  above  discussion  that 

(i)  The  adsorption  or  dissociation  of  water  radicals  on  metal  ions 
(hydrolysis  reaction)  is  not  much  different  from  that  of  the  metal  oxide 

surface.  The  latter  determines  heat  of  immersion  and  IEPS  of  metal 
oxides. 

(ii)  Z/R  is  a measure  of  M-0  bond  energy  and  is  closely  related  to 
the  adsorption  or  dissociation  of  OH",  H+  and  H20  onto  M-OH  sites.  It 
makes  no  difference  whether  the  M-OH  site  is  an  ion  in  solution  or  on 
the  oxide  surface. 

(iii)  The  equilibrium  concentration  of  positive  metal  ions  (e.g. 
M(0H)+)  in  water  decreases  with  increasing  pH  (illustrated  by  equation 
7-a)  while  the  equilibrium  concentration  of  negative  metal  ions  (e.g. 
^(OH) 3)  decreases  with  decreasing  pH  (equation  7-b).  Since  the 
solubility  of  metal  oxide  in  aqueous  solutions  is  the  summation  of  all 
hydrolysis  products,  it  thus  has  a minimum  near  the  pH  where  [M0H+] 
equals  [MfOHJ^].  This  pH  is  also  essentially  equal  to  the  IEPS  of  metal 
oxide  or  hydroxide. 

Solubility  of  Metal  Silicates  in  Aqueous  Solutions 

"Solubility"  is  defined  as  the  concentration  of  ions  in  solution 
after  a steady  state  in  the  adsorption-desorption  equilibrium  with  solid 
surface  is  attained.  Since  the  solubility  data  for  metal  silicates  are 
generally  not  available,  while  the  adsorption  of  metal  ion  onto  silica 
surface  is  well  documented,  we  use  the  mechanism  of  adsorption  to 
discuss  the  mechanism  of  metal  silicate  dissolution  in  aqueous  solution. 
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Recent  investigations  [77-80]  have  shown  that  the  adsorption  of 
metal  ion  from  aqueous  solution  at  oxide-water  interface  can  be 
understood  in  terms  of  surface  complex  formation  with  deprotonated 
surface  OH  groups  as  ligands.  Chelation  is  probably  involved  with  the 
Si  OH  groups  on  the  surface  replacing  some  coordinated  water  molecules 
from  the  metal  ion: 

n ( =Si OH)  + M(H20)^+  (=Si-0)n  M(H20)^f“n>+  + nH+  (9) 

It  is  well  known  that  the  adsorption  of  most  multivalent  metal  ions 
onto  silica  surfaces  begins  when  the  pH  is  raised  to  within  1 or  2 units 
below  the  pH  at  which  tne  multivalent  metal  hydroxide  is  precipitated. 
This  is  unusual  because  the  basis  for  the  adsorption  or  exchange  of 
cations  is  the  degree  of  ionization  of  the  SiOH  groups.  Although  the 
number  of  charged  sites  on  the  silica  surface  is  small  at  low  pH, 
certain  multivalent  cations  such  as  Fe+3,  Al+3  or  Cr+3  are  strongly 
adsorbed  onto  the  silica  surface  at  extremely  low  pH.  Schindler  et  al  . 
[78]  found  there  is  a linear  correlation  between  log  (K2S)  and  log 
^11  (^12)  (Figure  3-5),  where  K^s,  «2S,  and  K^2  are  equilibrium  con- 
stants of  equations  10,  11,  12  and  13,  respecti vely . This  indicates 
that  SiOH  and  HOH  are  similar  as  ligands.  The  environment  of  the  oxygen 
atoms  of  SiOH  and  HOH  may  be  similar  enough  so  that  the  reactions  of 
each  with  metal  ions  may  be  comparable.  This  gives  an  explanation  for 
the  observation  of  the  coincidence  of  hydrolysis  and  adsorption. 

The  similarity  between  silica  and  water  has  been  known  for  many 
years.  According  to  Iler  [10],  "As  water  is  a unique  liquid,  so  is 
amorphous  silica  a unique  solid."  Weyl  and  Marboe  [28]  also  point  out 
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7*  N2  \L-tr 

Mz*2H20^M(0H)2  +2H  (13) 

log  Kf  (K2  )=  -0.09+0.62  log  K„(KI2)  (14) 


Figure  3-5.  Log  hydrolysis  constants  vs.  adsorption  constants. 
After  Schindler  [78] . 
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that  some  properties  of  water  and  silica  are  so  similar  that  the 
transition  between  hydrated  silicic  acids  and  aqueous  matrix  is  a 
gradual  one.  Both  Si-0  and  H-0  are  mainly  covalent  bonds  exhibiting 
similar  electronegativity  differences  with  the  small  Si  or  H ion  in  the 
interstices  of  large  oxygen  ions.  These  similarities  lead  to  comparable 
reactivities  between  the  metal  ions  and  Si  OH  or  HOH. 

It  is  worth  noting  that  the  reverse  reaction  of  adsorption  (equa- 
tions 10  and  11)  is  the  leaching  of  metal  silicates  or  glasses.  Since 
adsorption  is  closely  related  to  hydrolysis,  leaching  can  also  be  re- 
lated to  hydrolysis.  As  a result,  the  solubilities  of  metal  silicates 
or  glasses  have  the  same  trends  as  those  of  the  metal  oxide  or  hydrox- 
ides, as  is  illustrated  in  Figure  3-6.  Equations  15  to  18  show  the 
dissociation  of  metal  hydroxide  while  equations  19  to  22  represent  the 
corresponding  metal  silicate/water  interaction.  Similar  to  metal 
hydroxide/water  interaction,  metal  silicate  has  a minimum  solubility 
near  the  IEPS  of  metal  hydroxide.  At  pH  lower  than  IEPS,  equation  19  or 
20  dominates  and  solution  pH  will  increase  as  a result  of  leaching.  At 
pH  higher  than  IEPS,  equation  22  dominates  and  pH  decreases.  Thus, 
solution  pH  moves  toward  the  iso-electric  point  of  metal  hydroxide  as  a 
result  of  leaching.  Here,  we  assume  silica  is  inert,  which  is  not  true 
in  the  real  case.  The  total  concentration  of  dissolved  metal  ions  will 
be  the  summation  of  all  metal  hydroxo  and  silicate  complexes.  The 
formation  of  metal  silicate  complexes  might  slightly  increase  the 
solubility  of  metal  ions  but  will  not  affect  the  overall  trend. 

Since  adsorption  of  metal  ions  onto  silica  occurs  at  1 or  2 pH 
units  lower  than  that  of  an  hydrolysis  reaction,  the  solubility  diagram 


log  [Mx(OH)y]  log  [Mx(OH)y] 


48 


®M(0H)2  + 2HV  M*Z*2H^0  (15) 

d)M(0H)2  M(0H)%H20(I6) 

(f)  M(OH)2  ^M(OH)2(aq,  (17) 

®M(0H)2  +OH’^M(OH)^  (18) 


pH  (a) 


© * *2 

(■$  SiO)2 M»2H  ♦ 2(-$ SiOH)  (19) 

2 * » * 

(■$  SiO)2M ♦ H *H10t±M(0H)«-2(£S0H)(20) 


(>SiO)2M  + 2H^D^M(OH)2*2(9-SiOH)(2l) 


(>SiO)2M+OH’*2H2Or=iM(OH)-  + 2(^SiOH) 

(22) 


Figure  3-6.  Solubility  diagram  of  (a)  metal  hydroxides, 
(b)  metal  silicates. 


M(OH)2 
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of  metal  silicate  might  shift  to  a lower  pH  value  in  comparison  with 
that  of  metal  hydroxide.  In  other  words,  metal  silicates  will  be  more 
durable  in  solution  with  low  pH  than  will  metal  hydroxides. 

ulass  may  be  treated  as  a chemical  mixture  of  metal  silicates.  Its 
chemical  durability  is  closely  related  to  the  durability  of  its  com- 
ponent metal  silicates.  Since  the  solubility  of  metal  silicates 
exhibits  the  same  trends  as  those  of  the  respective  metal  hydroxides,  we 
can  predict  the  chemical  durability  of  glass  from  the  solubility  diagram 
of  its  component  metal  hydroxides. 

The  solubility  diagrams  of  nearly  all  metal  hydroxides  have  a simi- 
lar "U"  shape  as  shown  in  Figure  3-3.  However,  this  "U"-shaped 
solubility  diagram  is  not  necessarily  symmetrical  around  its  IEPS.  For 
example,  elements  such  as  Fe(III),  Cr  (III)  and  Mg  dissolve  in  acid 
solution,  but  do  not  react  appreciably  in  basic  solutions.  Glasses 
containing  these  elements  tend  to  dissolve  at  low  pH  and  have  relatively 
low  solubility  at  high  pH  values.  Glass  containing  amphoteric  elements 
such  as  Pb,  A1  or  Zn,  tends  to  dissolve  in  both  acidic  and  basic 
solutions.  It  is  worth  noting  that  only  a small  percentage  of  metal 
oxide  (e.g.  2.5%  AI2O3)  in  glass  will  significantly  increase  glass 
durability  in  certain  pH  ranges.  Recent  investigations  [33]  have  shown 
this  is  due  to  the  formation  of  a less  soluble  metal  silicate  surface 
film  during  leaching  which  protects  the  underlying  glass  matrix  from  the 
attack  of  water.  Many  nuclear  waste  glasses  in  aqueous  solution  show 
similar  leaching  behavior  and  the  properties  of  their  surface  layers  may 
determine  the  long-term  durability  of  the  waste  glass. 
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Leaching  behavior  of  binary  alkali  silicate  glass  can  also  be 
interpreted  by  this  model.  Alkali  elements  have  relatively  high  solu- 
bilities and  their  IEPS,  if  measureable,  should  be  well  above  14  (IEPS 
of  MgO  is  12).  The  leaching  of  alkali  ions  from  glass  will  cause  the 
solution  pH  to  increase  toward  the  IEPS  of  alkali  metal  oxide.  However, 
at  pH  above  9,  monosilicic  acid  starts  to  release  protons  and  form  sili- 
cate ions  (equation  24).  At  the  pH  where  the  concentration  of  silicate 
ions  is  equal  to  the  concentration  of  alkali  ions,  the  number  of  protons 
produced  by  dissolution  of  Si(0H)4  is  equal  to  the  number  of  hydroxyl 
ion  produced  by  al kal i -proton  ion  exchange.  Thus,  a dynamic  equilibrium 
is  reached  and  pH  tends  to  be  stabilized  as  illustrated  in  Figure  3-7. 
The  slope  and  intersection  (which  determine  the  equilibrium  leachant  pH) 
depend  on  variables  such  as  glass  composition,  SA/V,  flow  rate,  and  tem- 
perature. Durable  glasses  have  equilibrium  pH  values  that  coincide  with 
low  solubilities  for  their  constituents. 

For  alkali  silicate  glasses,  although  alkali  metal  hydroxides  are 
increasingly  associated  as  we  proceed  from  CsOH  to  Li  OH  (Figure  3-2), 
the  extent  of  this  association  is  still  very  small.  Consequently,  the 
equilibrium  pH  is  relatively  high  and  the  chemical  durabilities  of  these 
glasses  are  poor.  Figure  3-8  shows  the  change  in  solution  pH  for 
several  alkali  silicate  glasses  leached  in  D.I.  water  at  25°C.  Solution 
pH  increases  very  fast  in  the  initial  stage  of  leaching  before 
approaching  an  equilibrium  pH,  presumably  due  to  the  ion  exchange  of 
alkali  with  protons  or  hydronium  ions.  Since  silica  solubility 
increases  significantly  above  pH  9,  a slight  increase  in  equilibrium  pH 
will  greatly  enhance  glass  leaching.  Table  3-1  shows  the  corrosion  rate 
of  several  binary  glasses  at  room  temperature.  Reaction  rates  are 
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M20  2Si02  + 4H20  ^ 2H2Si03  ♦ 20H’  * 2M*  (23) 
2HZ  Si03  2H+  + 2HSi03  **  4H++2SiC>32'  (24) 


Figure  3-7.  Schematic  representation  of  equilibrium  pH  during 
leaching  of  alkali  silicate  glasses. 


CORROSION  TIME  (min) 


Figure  3-8.  pH  versus  corrosion  time  for  alkali  silicate 
glasses  leached  in  deionized  water  at  25°C. 
After  Hench  et  al . [3] . 
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Table  3-1 


Leach  rates  of  alkali  silicate  glasses  in 
deionized  water  at  25°C,  SA/ V=0. lcm'1 


G1  ass 

Reaction  Rate* 
(gnf^  day'1) 

tc 

33L 

— 

> 42  days** 

3 3N 

8.1  x 101 

16-20  hours 

33K 

4.3  x 103 

< 1 min. 

33Rb 

3.0  x 105 

< 1 min. 

Reaction  rates  measured  after  tc. 
Duration  of  experiment. 
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measured  after  tc,  where  tc  is  the  time  at  which  the  changeover  in 
mechanisms  from  ion  exchange  to  network  dissolution  occurs.  Obviously, 
33L  (33  mo1^  Li20-67  mol%  Si 02 ) is  the  best  corrosion  resistance  and  33R 
(33  mol t,  Rb20-67  mol%  Si 02 ) is  the  worst. 

Figure  3-9  shows  the  pH  and  solution  data  of  several  Na20/Si02 
glasses  leached  in  deionized  water  at  25°C  for  1 day.  Higher  alkali- 

content  will  lead  to  a higher  equilibrium  pH  and  poorer  chemical  dura- 
bi 1 ity. 

Generally  speaking,  the  solubility  of  metal  silicate  is  similar  to 
that  of  metal  hydroxide  due  to  the  similarity  between  Si  OH  and  HOH  as 
ligands.  Therefore,  the  chemical  durability  of  glass  can  be  predicted 
from  the  solubility  diagram  of  its  component  oxides.  The  addition  of 
multivalent  metal  oxides  such  as  A1203  or  Fe203  into  silicate  glass  will 
increase  glass  durability  in  certain  pH  ranges  due  to  the  low  solubility 
of  these  metal  silicates.  Leaching  of  metal  ions  from  glass  will  move 
the  leachant  pH  toward  the  IEPS  of  metal  hydroxide.  Formation  of  sili- 
cate ions  above  pH  9 tends  to  reduce  solution  pH,  and  an  equilibrium  pH 
will  be  reached  after  a short  term  of  leaching.  Durable  glasses  have 
equilibrium  pH  values  that  coincide  with  low  solubility  of  their  con- 
stituents . 

Hydration  Energy  Model 

Among  general  models  proposed  to  account  for  compositional  effects 
on  glass  durability,  the  hydration  energy  model  [81-82]  has  had 
significant  success  in  the  systematization  of  data  based  on  short-term 
static  tests.  The  glass  is  treated  as  a mixture  of  species,  such  as 
Na2Si03,  MgSi 03,  Si02,  Fe203,  A1 203  etc.,  which  have  known  free  energies 


NORMALIZED  MASS  LOSS  PER  UNIT  AREA  (g/nrf) 


Figure  3-9.  pH  and  normalized  mass  loss  versus  Na?0  mole  percent 
of  Na„0/SiCL  glasses  leached  in  deionized  water  at 
25°C  for  one  day.  After  Hench  et  al . [3]. 
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of  hydration.  The  free  energy  of  hydration  for  the  glass  can  then  be 
determined  by  multiplying  the  mole  fraction  of  each  component  oxide  or 
silicate  in  the  glass  by  its  free  energy  of  hydration  and  summing.  A 
linear  relationship  is  found  between  log  normalized  loss  of  Si  (based  on 
28  days  leach  data  in  D.I.  water)  and  the  calculated  free  energy  of 
hydration  of  a variety  of  glasses. 

The  hydration  energy,  as  shown  by  Janzen  and  Plodinec  [83]  is 
related  to  Z/R  of  metal  ions;  metal  silicates  with  higher  Z/R  values 
have  higher  hydration  energies  while  silicates  with  low  Z/R  values  have 
low  hydration  energies.  The  hydration  energy  model  is  thus  a 
representation  of  the  bond  energetics  of  the  glass  during  hydration. 
Glasses  with  higher  percentages  of  multivalent  metal  oxides  such  as 
A1203  or  Fe203  have  higher  hydration  energies  and  exhibit  good  chemical 
durability,  while  glasses  with  higher  percentages  of  alkali  oxides  have 
lower  hydration  energies  and  exhibit  poor  chemical  durability. 

Previous  discussions  have  shown  that  reactions  such  as  hydrolysis 
of  metal  ions,  adsorption  or  dissolution  of  metal  ions  by  silica  or 
glass,  solubility  of  metal  hydroxide  or  silicate,  heat  of  immersion  and 
iso-electric  point  of  metal  hydroxide  are  all  closely  related  to  M-0 
bond  strength  (Z/R).  Since  the  glass/water  interaction  is  a combination 
of  these  reactions,  it  is  not  surprising  that  chemical  durability  of 
glass  is  a function  of  its  bond  strength. 

The  dominant  hydrated  species  is  pH  dependent;  e.g.  monosilicic 
acid  (Si(0H)4)  is  the  dominant  hydrated  species  below  pH  9,  while  above 
pH  9,  silicate  ions  (HSiOj)  are  dominant.  As  a result,  free  energy  of 
hydration  of  glass  is  pH  dependent.  The  equilibrium  pH  of  the  glass 
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during  leaching,  as  well  as  the  solubility  of  glass  components  at  the 
equilibrium  pH,  are  dominating  factors  controlling  glass  leachability  in 
deionized  water.  These  factors  also  control  the  glass  hydration  energy. 

The  underlying  basis  for  all  these  reactions  is  the  bond  strength  of 
gl asses. 

One  critism  of  this  hydration  model  is  the  arbitrary  choice  of  the 
structural  unit  in  calculating  glass  hydration  energy.  Species  inter- 
actions such  as  al umi no-si  1 i cates  formation  are  ignored.  However,  as 
discussed  previously,  the  similarity  between  the  solubility  of  metal 
silicate  and  hydroxide  might  negate  this  criticism.  In  fact,  the  good 
correlation  between  hydration  energies  and  solubilities  provide 
supporting  evidence  that  metal  silicates  and  hydroxides  behave  similarly 
in  solution. 


Leaching  Behavior  of  Nuclear  Waste  Glasses- 
bttects  ot  pH  and  Glass  Composition 

Effects  of  Solution  pH 

The  primary  issue  of  concern  regarding  glass  as  a waste  form  is  its 
long-term  resistance  to  leaching  in  ground  waters.  Since  the  waters  of 
the  earth  span  a wide  pH  range,  it  is  essential  to  understand  the  ef- 
fects of  solution  pH  on  the  chemical  durability  of  waste  glasses. 

Previous  discussions  have  shown  that  chemical  durability  of  metal 
silicates  is  highly  pH-dependent  and  follows  the  same  trends  as  the 
metal  hydroxides.  It  is  worthwhile  to  determine  if  this  same  concept 
can  be  applied  to  multicomponent  nuclear  waste  glasses. 

In  the  following  experiments,  pH  buffer  solutions  were  used  as 
leachants  and  high  density  polyethylene  bottles  were  used  as  containers. 
Leachant  concentrations  were  determined  by  inductively  coupled  plasma 
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spectroscopy-atomic  emission  (ICP-AE).  FUR  and  SEM  were  used  for  glass 
surface  analysis. 

Figure  3-10  shows  the  weight  loss  of  DWRG  (a  defense  waste 
reference  glass)  leached  in  various  pH  buffer  solutions  for  21  days  at 
90°C  and  SA/V=  0.02cm-1.  Below  pH  4 or  above  pH  10,  the  attack  on  the 
waste  glass  rapidly  increases.  The  pH  buffer  solutions  used  in  this 
experiment  are  listed  in  Table  3-2.  Leachant  pH  values  do  not  change 
much  before  and  after  21  days  leaching  due  to  the  low  SA/V  value  of  this 
experiment.  Figures  3-11  to  3-12  show  the  normalized  elemental  mass 
loss  as  a function  of  leaching  time  at  pH  1.1  and  2.  Leachant 
concentrations  are  normalized  with  respect  to  the  concentration  of  metal 
oxide  within  bulk  glass.  These  figures  show  that  at  pH  1 or  2,  metal 
ions,  such  as  A1  , Li,  Mn,  Ca,  Mg  and  Sr,  are  leached  from  glass 
surfaces,  leaving  a surface  film  enriched  in  Si.  In  other  words,  the 
forward  direction  of  Equations  19  and  20  is  favored.  Since  this  glass 
contains  ~50  Wt%  metal  oxides,  the  extensive  leaching  of  these  metal 
ions  causes  the  breakdown  of  glass  network.  Although  the  silica  leach 
rate  is  enhanced  significantly,  its  concentration  in  the  leachant  is 
still  below  the  solubility  of  amorphous  silica. 

It  is  interesting  to  see  that  at  pH  2,  iron  concentration  in  the 
leachate  remains  constant  after  3 days  leaching.  This  suggests  that 
iron  is  saturated  with  respect  to  certain  species  in  the  leachate. 

Since  the  concentration  of  iron  (6  ppm)  is  well  below  the  solubility 
limit  of  ferric  hydroxide  (-6,000  ppm  at  pH  2),  iron  hydroxide  is  not 
likely  to  be  the  regulating  species.  As  mentioned  previously,  metal 
silicate  is  more  durable  than  metal  hydroxide  at  low  pH.  Thus,  the  iron 


Figure  3-10.  Total  mass  loss  versus  pH  for  the  leaching  of  DWRG 
in  pH  buffer  solutions  at  90°C  for  21  days. 
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Table  3-2 

Composition  of  pH  buffer  solutions 


pH  Buffer  Solutions  pH  Before  Leaching  pH  After  Leaching 


Hydrochl oride  Acid 

1.08 

1.1 

Potassium  Chloride, 
Hydrochloride  Acid 

2. 

2. 

Potassium  Biphthalate 

4. 

4.01 

Potassium  Phosphate  Monobasic, 
Sodium  Hydroxide 

7. 

7. 

Boric  Acid,  Potassium  Hydroxide 

10. 

9.9 

Sodium  Hydroxide 

12. 

11.9 

NORMALIZED  ELEMENT  MASS  LOSS  PER  UNIT  AREA(g/nn?) 
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Figure  3-11.  Normalized  elemental  mass  loss  per  unit  area  versus 
leach  time  for  DWRG  in  pH  1.1  buffer  solution. 


NORMALIZED  ELEMENT  MASS  LOSS  PER  UNIT  AREA  (g/m2) 


Figure  3-12.  Normalized  elemental  mass  loss  per  unit  area  versu 
leach  time  for  DWRG  in  pH  2 buffer  solution. 


63 


concentration  in  the  leachate  is  more  likely  to  be  regulated  by  iron 
si  1 i cate . 

Figures  3-13  and  3-14  show  the  solution  data  for  glass  leached  in 
pH  4 and  7 buffer  solutions.  Glass  dissolves  nearly  congruently  at 
pH  4,  as  indicated  by  the  similar  leaching  behavior  of  all  elements.  A 
surface  layer  was  not  found  on  the  glass  after  leaching,  while  a surface 
layer  enriched  in  multivalent  cations  such  as  Fe,  A1  , Mn  and  Ca  was 
formed  after  leaching  in  pH  7 buffer  solution.  The  glass  showed  maximum 
durability  at  pH  7,  due  to  the  lower  solubility  of  silica  and  metal 
oxides  at  this  pH. 

Figures  3-15  and  3-16  show  the  solution  data  for  glass  leached  in 
pH  10  and  12  buffer  solutions.  Above  pH  10,  silica  solubility  increases 
significantly  due  to  the  formation  of  silicate  ions.  This  enhances  the 
rate  of  glass  network  dissolution  and  more  soluble  species,  such  as  A1 
and  Li  will  enter  the  solution,  while  less  soluble  elements,  such  as  Fe, 
Mn,  Mg  and  Ca  form  a metal  silicate  surface  layer.  Although  silica  sol- 
ubility is  reduced  by  this  surface  film,  a considerable  amount  of  silica 

remains  in  the  solution,  either  in  the  form  of  ions  or  colloidal 
particles. 

Figure  3-17  shows  SEM  micrographs  of  glass  leached  in  various  pH 
buffer  solutions  for  21  days.  For  glass  leached  in  pH  7,  10  or  12 
buffer  solutions,  a porous  surface  layer  composed  of  colloidal  particles 
was  formed.  At  pH  12,  several  leached  layers  can  be  seen  below  the  pre- 
cipitated surface  layer.  A surface  film  was  not  formed  on  glass  leached 
in  pH  4 buffer  solution  consistent  with  Figure  3-13,  indicating  that 
glass  dissolves  congruently.  For  glass  leached  in  pH  1.1  buffer 
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LEACHING  TIME  (days) 


Figure  3-13.  Normalized  elemental  mass  loss  per  unit  area  versus 
leach  time  for  DWRG  in  pH  4 buffer  solution. 
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Figure  3-14.  Normalized  elemental  mass  loss  per  unit  area  versus 
leach  time  for  DWRG  in  pH  7 buffer  solution. 
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Figure  3-15.  Normalized  elemental  mass  loss  per  unit  area  versus 
leach  time  for  DWRG  in  pH  10  buffer  solution. 


NORMALIZED  ELEMENT  MASS  LOSS  PER  UNIT  AREA  (g/m2) 
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Figure  3-16. 


Normalized  elemental  mass 
leach  time  for  DWRG  in  pH 


loss  per  unit  area  versus 
12"  buffer  sol ution . 
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Table  3-3 


DWRG  in  pH  buffers  for  21  days,  SA/V=0.02cm_1,  90°C 


Leachant 

Concentration 

(ppm) 

PH 

Si 

A1 

Mn 

Fe 

Mg 

Ca 

Sr 

Li 

★ 

12 

105 

9.2 

00 

• 

0 

7.7 

0.2 

0.8 

0.1 

6.5 

** 

60 

9.2 

0 

0.1 

0 

0 

0 

6.5 

A 

45 

0 

0.8 

7.6 

0.2 

0.8 

0.1 

0 

★ 

10 

65 

2.4 

1.2 

4.3 

0.2 

1.0 

0.2 

1.1 

14 

2.0 

0 

0.1 

0 

0.6 

0.1 

1.1 

A 

41 

0.4 

1.2 

4.2 

0.2 

0.5 

0.1 

0 

★ 

7 

30 

1.0 

0.2 

1.0 

0 

0.2 

0 

0.2 

★ ★ 

2.3 

0.1 

0.1 

0.1 

0 

0.1 

0 

0.2 

A 

27.7 

0.9 

0.1 

0.9 

0 

0.1 

0 

0 

★ 

4 

2.1 

0.7 

0.5 

1.8 

0.1 

0.3 

0 

0.4 

* ★ 

4.0 

0.6 

0.4 

1.5 

0 

0.3 

0 

0.4 

A 

-1.9 

0.1 

0.1 

0.3 

0.1 

0 

0 

0 

★ 

2 

88 

16 

9.01 

8 

1.7 

7 

1.7 

10.6 

** 

96 

18 

9.5 

6 

2.0 

7 

1.9 

11. 

A 

-8 

-2 

-0.5 

2 

-0.3 

0 

-0.2 

-0.4 

★ 

1.1 

175 

38 

19 

82 

4.2 

18 

4.4 

24 

** 

180 

41 

26 

80 

5 

18 

5 

24 

A 

-5 

-3 

-7 

2 

-0.8 

0 

-0.9 

-1 

* add  2 ml  of  HNO3  to  the  leachate 
**  without  adding  acid 
A difference 
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solution,  the  surface  cracks  seriously  (Figure  3-17-h).  This  might  be 
due  to  tensile  forces  induced  by  the  preferential  leaching  of  metal  ions 
from  gl ass  surface. 

Table  3-3  summarizes  the  solution  analysis  of  21-day  leachates 
before  and  after  the  addition  of  acid  (i.e.  used  to  dissolve  colloids 
and  precipitates  in  the  solution  and  on  the  leach  vessel  walls).  The 
relatively  large  differences  in  solution  data  from  pH  4 to  12  are  caused 
by  precipitation  and  colloid  formation  in  the  leachant.  These  data 
indicate  that  the  major  constituents  of  these  precipitates  are  less  sol- 
uble metal  silicates  (e.g.  Fe,  Mn , Mg  silicates)  which  are  also  the 
major  constituents  of  the  precipitated  surface  layer.  A1  was  one  of  the 
major  components  of  colloids  at  pH  7.  However,  no  alumina  was  found  at 
pH  12,  presumably  due  to  the  higher  solubility  of  A1  in  high  pH  solu- 
tions. At  pH  1,  precipitates  were  not  present  in  the  leachate,  which 
indicates  the  solution  was  not  saturated  with  respect  to  any  species 
during  leaching. 

Leaching  of  DWRG  at  pH  4 represents  a special  case  in  which  the 
normalized  elemental  leach  rates  of  all  elements  from  the  glass  are 
equal  with  no  accompanying  precipitation  or  surface  layer  formation.  No 
surface  layer  forms  during  leaching.  Above  pH  4,  silica  and  alkali  ions 
are  selectively  leached  from  the  glass  surface  and  a surface  film  rich 
in  multivalent  metal  ions  forms,  while  below  pH  4,  a silica-rich  surface 
film  forms  during  leaching. 

Figure  3-18  shows  the  FT I R spectra  of  DWRG  leached  in  various  pH 
buffer  solutions  for  21  days.  The  FTIR  spectrum  of  glass  leached  in  pH 
4 buffer  solution  is  approximately  the  same  as  that  of  the  uncorroded 
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Figure  3-18.  FT-IRRS  analysis  of  DWRG  leached  in  pH  buffers 
for  21  days. 
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glass.  This  indicates  the  leaching  mechanism  is  congruent  dissolution 
and  that  the  surface  composition  was  not  changed  by  leaching.  FTIR 
spectra  of  glass  leached  in  pH  7,  10  or  12  buffer  solution  show  that  the 
number  of  non-bridging  oxygen  sites  (-850  cm"1)  on  the  surface  increases 
after  leaching,  most  likely  due  to  the  formation  of  a multivalent  metal 
ion  (e.g.,  Fe,  Mn)-rich  surface  layer.  Glass  surfaces  were  severely 
altered  in  pH  = 1.1  and  2 buffer  solutions  and  the  IR  intensities  were 
reduced  significantly  due  to  surface  roughness  associated  with  leaching. 

Figures  3-19  to  3-24  are  plots  of  element  concentration  as  a 
function  of  pH.  These  figures  indicate  that  the  leaching  of  less 
soluble  elements  such  as  Fe,  Mn , Mg  and  Ca  are  regulated  by  their 
solubilities.  Without  the  solubility  restriction,  the  leach  rate  of  all 
metal  ions  follows  the  same  trend  as  that  of  silica.  Since  silica 
provides  the  major  network  structure  of  glass,  the  dissolution  of  silica 
will  cause  the  breakdown  of  the  glass  network  and  force  metal  ions  into 
the  leachant. 

The  solubility  of  silica  increases  significantly  above  pH  9.  How- 
ever, due  to  the  low  solubility  of  multivalent  metal  ions  in  neutral  and 
alkaline  solutions,  silica  leachability  is  reduced  significantly  by 
forming  less  soluble  metal  silicates.  Increasing  the  amount  of  multi- 
valent metal  oxides  such  as  ferric  oxide  in  the  glass  will  enhance  glass 
durability  in  neutral  and  alkaline  solutions. 

Grambow  [84]  found  that  for  leaching  of  PNL  76-68  glass,  the  solu- 
bility of  reaction  products  regulates  the  solution  concentration  as  if 
the  solution  is  in  equilibrium  with  pure  Fe(0H)3  (amorphous),  Zn(0H)2 
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Figure  3-19.  Si  concentration  versus  pH  for  DWRG  leached  in  pH 
buffers  at  90°C,  SA/V=0.02cm  . 
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Figure  3-20.  Li  concentration  versus  pH  for  DWRG  leached  in  pH 
buffers  at  90°C,  SA/V=0.02cm~  . 


pH 


Figure  3-21.  AT  concentration  versus  pH  for  DWRG  leached  in  pH 
buffers  at  90°C,  SA/V-O.OZcnr1 . 
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pH 


Figure  3-22.  Fe  concentration  versus  pH  for  DWRG  leached  in  pH 
buffers  at  90°C,  SA/V=0.02cm-:I- . 
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Figure  3-23.  Mn  concentration  versus  pH  for  DWRG  leached  in  pH 
buffers  at  90°C,  SA/V=0.02cnr1 . 


Ca  Cone,  (ppm) 


Ca  concentration  versus  pH  for  DWRG  leached  in  pH 
buffers  at  90°C,  SA/V=0.02cm  . 


Figure  3-24. 
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(amorphous),  Nd(0H)3  etc.,  where  these  solid  phases  are  the  major  con- 
stituents of  the  leached  layer. 

Although  experimental  results  agree  well  with  Grambow's  prediction, 
the  choice  of  solid  phase  such  as  Fe(0H)3  is  over-simplified.  Surface 
analysis  shows  that  silica  is  the  major  component  of  surface  film  and 
the  formation  of  iron  silicate  complexes  no  doubt  plays  some  role  in 
solubility.  As  mentioned  previously,  if  several  ligands  are  present  in 
the  solution,  there  will  be  a competition  between  these  ligands  and  com- 
plexes, such  as  metal  hydroxide,  silicate  or  carbonate,  might  coexist  in 
the  solution  and  glass  surface.  In  static  leaching  tests,  because  the 
silica  concentration  is  relatively  high,  metal  silicate  will  be  the  dom- 
inant species  in  the  leachate  and  glass  surface,  while  in  high-flow 
tests,  silica  concentration  in  the  solution  is  low  and  metal  hydroxide 
will  be  the  dominant  species.  This  is  supported  by  the  finding  of  Adiga 
[85]  who  found  that  the  glass  surface  contains  less  silica  as  leachant 
flow  rate  increases.  However,  the  similarity  between  the  solubility  of 
metal  silicate,  hydroxide  and  even  carbonate  might  explain  why  solution 
data  fit  Grambow's  model  so  well. 

In  summary,  the  chemical  durability  of  QWRG  is  highly  pH  dependent. 
This  glass  shows  maximum  durability  in  solution  of  pH  7.  At  low  and 
high  pH  values,  DWRG  exhibits  poorer  chemical  durability,  presumably  due 
to  the  relative  high  solubility  of  metal  oxide  and  silica  in  low  and 
high  pH  solutions,  respecti vely . 

Above  pH  4,  more  colloids  were  present  in  the  leachate  and  the  pre- 
cipitation of  these  colloidal  particles  onto  the  glass  surface  forms  a 
precipitated  surface  layer.  Solution  analyses  show  that  these  colloids 
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(as  well  as  the  precipitated  surface  layer)  are  composed  of  less  soluble 
metal  silicates  or  hydroxides.  Silica  solubility  is  reduced  signifi- 
cantly in  comparison  with  amorphous  silica,  due  to  the  formation  of 
these  less  soluble  silicates.  Since  silica  is  the  major  constituent  of 
the  glass  network,  the  lower  leach  rate  of  silica  results  in  a better 
durability  of  the  glass.  Thus  the  presence  of  less  soluble  metal  oxides 
in  the  glass  will  increase  glass  durability  in  certain  pH  ranges. 

Effects  of  Glass  Composition 

The  previous  section  has  shown  that  the  presence  of  multivalent 
metal  oxides  such  as  alumina  in  glass  increases  glass  durability  in 
certain  pH  ranges.  However,  if  the  content  of  multivalent  metal  oxide 
in  glass  is  too  low,  silica  solubility  will  not  be  reduced  significant- 
ly, and  the  glass  will  show  poor  chemical  durability  at  high  pH  values. 
The  leaching  of  unloaded  SRL  131  glass  shows  this  behavior. 

Figures  3-25  to  3-30  show  the  mass  loss,  pH  and  silica  leach  rate 
for  the  leaching  of  unloaded  SRL  131  and  SRL  131-15%  A1  waste  glasses  in 
pH  buffer  solutions.  The  compositions  of  the  glass  frit  and  waste 
products  used  to  prepare  these  glasses  are  given  in  Table  3-4.  Unloaded 
SRL  131  glass  has  the  best  durability  at  pH  2.4  and  worst  at  pH  10.4  due 
to  the  higher  solubility  of  silica  above  pH  9.  The  SRL  131-15%  A1  waste 
glass  is  much  more  durable  than  unloaded  SRL  131  in  solutions  of  neutral 
or  high  pH  values,  due  to  its  higher  content  of  polyvalent  metal  oxides 
which  reduce  the  solubility  of  silica  in  these  pH  ranges.  However,  at 
pH  2.4,  the  increasing  solubility  of  A1  (Figure  3-31)  makes  SRL  131-15% 

A1  waste  glass  less  durable  than  unloaded  SRL  131  glass  (mass  loss  of 
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CORROSION  TIME  (days) 


Figure  3-25.  Total  mass  loss  per  unit  area  for  the  leaching  of 

unloaded  SRL  131  waste  glasses  in  pH  buffer  solutions 
at  90°C,  SA/V=0.01cm_1 . 


TOTAL  MASS  LOSS  PER  UNIT  AREA  (g/m2) 


Figure  3-26.  Total  mass  loss  per  unit  area  for  the  leaching 
of  SRL  131-15%  A1  waste  glasses  in  pH  buffer 
solutions  at  90°C,  SA/V=0.1cm_1 . 
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CORROSION  TIME  (days) 


Figure  3-27.  Normalized  Si  loss  per  unit  area  for  the  leaching 
of  unloaded  SRL  131  waste  glasses  in  pH  buffer 
solutions  at  90°C,  SA/V=0.1cm"  . 
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Figure  3-28.  Normalized  Si  loss  per  unit  area  for  the  leaching 
of  SRL  131-15%  A1  waste  glasses  in  pH  buffer 
solutions  at  90°C,  SA/V=0. lcm"1 . 


Figure  3-29.  pH  versus  leach  time  for  the  leaching  of  unloaded 
SRL  131  waste  glasses  in  pH  buffer  solutions  at 
90°C,  SA/V=0.1cm  . 
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CORROSION  TIME  (days) 


Figure  3-30.  pH  versus  leach  time  for  the  leaching  of  SRL  131-15% 
A1  waste  glasses  in  pH  buffer  solutions  at  90°C, 
SA/V=0.1cm_1. 


Table  3-4 


SRL  131  glass  composition 

Component 

Amount  (wt%) 

Si  02 

57.9 

b2°3 

14.7 

Na20 

17.7 

Li  20 

5.7 

Ti  °2 

1.0 

MgO 

2.0 

La2°3 

0.5 

Zr02 

0.5 

Simulated  waste  compositions 


Component 

Amount 

W-Al 

(wt%) 

TDS-3A 

Fe2°3 

13.8 

47.3 

Mn02 

11.3 

13.6 

Zeol ite* 

10.2 

10.2 

A12°3 

49.3 

9.5 

NiO 

2.0 

5.8 

Si  02 

4.5 

4.1 

CaO 

0.9 

3.5 

Na20 

5.0 

3.1 

Coal 

2.3 

2.3 

Na  2SO4 

0.7 

0.6 

*Linde  Ion-Siv  IE-95 
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Figure  3-31.  Normalized  A1  loss  per  unit  area  for  the  leaching 
of  SRL  131-15%  A1  waste  glasses  in  pH  buffer 
solutions  at  90°C,  SA/V=0.1cm  . 


92 


SRL  131-15%  A1  is  90  g/rn2  in  comparison  with  37  g/m2  of  unloaded  SRL  131 
at  pH  2.4).  It  is  worth  noting  that  for  SRL  131-15%  A1  leached  in  pH 
10.4  buffer  solution,  solution  pH  decreases  with  increasing  leaching 
time  (Figure  3-30).  As  mentioned  previously,  the  leaching  of  metal  ions 
from  glass  tends  to  move  solution  pH  towards  the  IEPS  of  metal  oxide. 

In  this  case,  IEPS  of  alumina  is  about  9 and  therefore  the  leaching  of 
A1  from  the  glass  tends  to  reduce  the  leachant  pH.  In  the  case  of 
unloaded  SRL-131,  since  it  contains  a high  percentage  of  alkali  oxides, 
pH  increases  with  increasing  leaching  time  (Figure  3-29). 

Obviously,  a critical  content  of  multivalent  metal  oxides  is  essen- 
tial to  increase  glass  durability  in  certain  pH  ranges.  Dilmore  et  al . 
[34]  found  that  the  addition  of  2.5%  Al 2O3  to  lithium  silicate  glasses 
results  in  a sharp  increase  in  chemical  durability.  Higher  quantities 
of  Al 203  continue  to  increase  the  chemial  durability  but  not  as  signifi- 
cantly as  the  first  2.5  mole  %.  Similar  behavior  is  found  in  nuclear 
waste  glasses.  Increasing  the  amount  of  multivalent  metal  oxides  in  the 
waste  glass  will  lead  to  a higher  chemical  durability  in  D.I.  water. 

Figure  3-32  shows  the  total  mass  loss  of  SRL  131 -TDS-3A  glasses 
based  on  weighing  the  samples  before  and  after  leaching  versus  the  per- 
centage of  TDS-3A  waste  incorporated  into  the  glass.  A similar  plot  is 
shown  in  Figure  3-33  in  which  the  mass  loss  is  based  on  solution  analy- 
sis. The  addition  of  10  wt%  waste  oxide  reduces  glass  leachability 
significantly.  Higher  quantities  of  waste  oxides  continue  to  increase 
glass  durability  but  not  as  significantly  as  the  first  10  wt%.  Two 
major  factors  may  contribute  to  this  behavior.  One  is  the  decreasing 
alkali  oxide  content  in  the  glass  as  waste  content  increases.  This  will 
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WEIGHT  PERCENT  TDS  WASTE 


Figure  3-32.  Total  mass  loss  versus  weight  percent  TDS  waste  for  SRL 
131-TDS-3A  glasses  leached  in  deionized  water  for  4 weeks 
at  90°C , SA/V-O.lcm"1. 


94 


Figure  3-33.  Solution  data  for  SRL  131-TDS-3A  glasses  leached  in 
deionized  water  for  4 weeks  at  90°C,  SA/V=0.1cm”l. 
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result  in  a lower  solution  pH  during  leaching  and  therefore  the  silica 
leach  rate  will  be  lower.  Another  major  factor  is  the  increasing  amount 
of  multivalent  metal  oxide  in  the  glass  which  forms  less  soluble  metal 
silicates  and  reduces  silica  solubility.  A critical  multivalent  metal 
oxide  is  needed  to  form  a protective  surface  layer.  Increasing  metal 
oxide  content  only  slightly  decreases  silica  concentration  in  the 
solution.  Wicks  et  al . [86]  have  shown  that  the  thickness  and  silica 
content  of  surface  film  decreases  with  increasing  percentage  of  waste 
constituents.  This  indicates  that  for  glass  with  higher  waste  content, 
the  metal  silicate  surface  film  formed  not  only  quicker  but  also  more 
effectively  to  reduce  the  silica  leach  rate.  Figure  3-34  shows  the  FT  I R 
spectra  of  glass  with  different  percentages  of  waste  loadings  after  28 
days  leaching  in  deionized  water.  It  can  be  seen  that  the  number  of 
non-bridging  oxygen  sites  (~850cm-1)  increases  and  peaks  shift  to  lower 
wave  numbers  as  waste  loading  increases,  due  to  the  lower  silica  content 
and  higher  concentration  of  multivalent  metal  ions  in  the  surface 
film.  This  supports  the  findings  of  Wicks  et  al . [86]. 

In  general,  the  addition  of  multivalent  metal  oxide  such  as  alumina 
to  the  waste  glass  will  increase  glass  durability  in  neutral  and  alka- 
line solutions,  due  to  the  formation  of  less  soluble  metal  silicates. 
However,  these  glasses  show  poor  chemical  durability  in  solutions  of  low 
pH.  A careful  selection  of  glass  compositions  with  respect  to  a 
specific  environmental  condition  is  essential  to  achieve  the  maximum 
glass  durability. 

Experimental  results  also  show  that  a critical  multivalent  oxide 
content  is  needed  to  improve  glass  durability  in  certain  pH  ranges.  For 
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Figure  3-34.  FTIR  analysis  of  SRL  131-TDS  waste  glasses  leached  in 
deionized  water  for  4 weeks  at  90°C,  SA/V=0.1cm“l. 
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waste  glass  leached  in  deionized  water,  increasing  waste  loading  will 
result  in  a lower  pH  and  lower  glass  leach  rates,  due  to  the  formation 
of  a protective  metal  silicate  surface  film.  Higher  quantities  of 
multivalent  metal  oxides  continue  to  increase  the  chemical  durability  of 
glass  in  deionized  water  but  not  as  significantly  as  the  first  10  wt.  %. 

Concl usion 

When  glasses  or  metal  oxides  are  immersed  in  aqueous  solution,  two 
competing  forces  are  operative  in  determining  adsorption  or  desorption 
of  metal  ions  from  metal  oxide  or  silicate  surface.  One  is  the  attrac- 
tive force  of  metal  cations  for  hydration  spheres,  the  other  is  the 

attraction  of  the  metal  cations  for  the  solid  surface.  Both  forces  are 

closely  related  to  the  Z/R  value  of  the  M-0  bond.  Due  to  the  similarity 
between  Si -OH  and  H-OH  as  ligands,  the  adsorption  (or  dissolution)  of 
metal  ions  onto  metal  hydroxides  and  silicates  is  similar  and  compar- 
able. As  a result,  the  solubility  of  metal  silicates  follows  the  same 
trend  as  their  respective  metal  hydroxides  or  oxides. 

Glass  is  a chemical  mixture  of  metal  silicates,  and  the  chemical 

durability  of  glass  is  closely  related  to  the  solubility  of  its  compo- 

nent silicates.  Since  the  solubilities  of  metal  silicates  and 
hydroxides  are  similar  and  comparable,  we  may  predict  the  chemical 
durability  of  glass  from  the  solubility  diagram  of  its  component 
oxides.  Glasses  containing  multivalent  metal  oxides  such  as  or 

A1 2°3  have  relatively  high  chemical  durability  in  certain  pH  ranges,  due 
to  the  low  solubility  of  these  metal  oxides  in  these  pH  ranges.  Experi- 
mental results  show  that  a critical  multivalent  oxide  content  is  needed 
to  improve  glass  durability  in  deionized  water  by  forming  less  soluble 
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metal  silicates  which  reduces  silica  leach  rate  and  glass  leach  rate. 
Higher  quantities  of  multivalent  metal  oxides  continue  to  increase  the 
chemical  durability  of  glass  in  deionized  water  but  not  as  significantly 
as  the  first  10  weight  percent.  Glass  containing  high  percentages  of 
multivalent  oxides  may  increase  its  durability  in  solutions  of  high  pH 
values  but  shows  poor  durability  in  solution  of  low  pH  values. 

Therefore,  a careful  selection  of  waste  glass  composition  with  respect 
to  a specific  repository  condition  is  essential  to  achieve  the  maximum 
glass  durability. 


CHAPTER  IV 


THE  ROLE  OF  SURFACE  LAYER  AND  COLLOID  FORMATION  ON  THE  LEACHING 

BEHAVIOR  OF  SIMULATED  NUCLEAR  WASTE  GLASSES  IN  AQUEOUS  SOLUTIONS 

Introduction 

Surface  film  formation  is  a common  feature  for  all  glasses 
undergoing  leaching.  Hench  et  al . [87]  have  divided  leached  glass 
surfaces  into  five  types.  Alkali  borosilicate  nuclear  waste  glass  is 
classfied  as  having  type  1 1 1 6 surface,  in  which  a protective  metal 

silicate  surface  layer  forms  during  leaching  in  aqueous  solutions. 

Two  main  questions  need  to  be  addressed:  (1)  What  is  the  mechanism 

of  surface  film  formation?  (2)  What  is  the  role  of  surface  layer  forma- 
tion on  glass  leaching? 

Formation  of  colloidal  particles  is  very  important  in  waste  glass 
leaching.  Colloids  are  a class  of  small  particles  that  have  diameters 
ranging  from  one  to  a few  hundred  nanometers.  Because  of  their  small 
particle  size,  colloids  have  a large  surface  area  (a  few  hundred  square 
meters  per  gram)  and  the  most  important  property  of  colloids  is  there- 
fore the  ability  to  adsorb  solution  species  onto  their  surfaces.  Radio- 
nuclides leached  from  the  glass  may  be  adsorbed  onto  colloid  surfaces 
and  transported  by  flowing  waters  away  from  the  repository.  These 
particles  are  referred  to  as  radiocolloids.  Olofsson  et  al . [88]  class- 
ified radiocolloids  as  "true  colloids"  and  "pseudocolloids"  depending  on 
their  formation  process.  True  colloids  are  formed  by  condensation  of 
the  molecules  or  ions  as  a result  of  precipitation  processes. 
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Pseudocolloids  are  formed  as  a result  of  adsorption  on  impurities  in  the 
solution  and  may  be  much  larger  than  true  colloids.  In  the  present 
work,  we  discuss  the  role  of  colloid  formation  on  leaching  behavior  of 
waste  glasses  and  relate  it  to  the  mechanism  of  surface  layer  formation. 

Experimental 

The  compositions  of  glasses  used  in  this  study  (SRL  131-29.8%  TDS 
waste  glass  and  DWRG)  were  given  in  Table  2-2.  Leachant  concentrations 
were  determined  by  ICP.  Zeta  potential  of  colloidal  particles  were 
measured  by  electrophoresis  (Lazer  Zee  Meter).  Scanning  electron 
microscopy  - energy  dispersive  spectroscopy  (SEM-EDS),  FTIR,  x-ray 
photoelectron  spectroscopy  (XPS)  and  Auger  electron  spectroscopy  coupled 
with  ion  milling  (AES-IM)  were  used  for  glass  surface  characterization. 
Teflon  containers  were  used  for  flow  tests  while  high  density  polyethyl- 
ene bottles  were  used  for  static  leaching  experiments.  Experimental 
set-up  for  flow  and  static  tests  is  shown  in  Figures  2-2  and  2-3. 

Results  and  Discussion 

Mechanism  of  Surface  Layer  and  Colloid  Formation 

Figure  4-1  shows  schematically  the  mechanism  of  colloid  formation 
during  leaching  of  a simulated  nuclear  waste  glass  in  aqueous  solution. 
The  leaching  of  waste  glass  will  cause  silica  and  metal  ions  to  enter 
solution  and  form  hydrolysis  products  and  metal  silicate  complexes.  The 
general  formula  of  these  complexes  is  (M)x(Si )y(0H)u(0)v(H20)w(L)zJ, 
where  M stands  for  metal  ions  and  L represents  ligands  other  than  water 
radicals  ( i . e . , Cl",  HCO3",  etc.)  that  are  present  in  the  leachant. 

Since  the  solubilities  of  metal  silicates  such  as  iron  silicate  are  very 
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Figure  4-1.  Schematically  representation  of  the  mechanism  of 
colloids  and  surface  layer  formation. 
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low  in  neutral  and  alkaline  solutions,  their  solubilities  can  be  easily 
exceeded  in  the  leachant.  If  there  is  not  enough  surface  for  precipita- 
tion to  take  place,  small  nuclei  of  metal  silicate  particles  will  form 
in  the  leachant  and  grow  to  a relatively  large  size.  These  particles 
may  be  either  precipitated  back  onto  the  glass  surface  and  form  a sur- 
face layer  or  remain  in  the  solution  and  act  as  an  alternative  way  of 
radionuclide  transport.  The  solubility  of  these  metal  silicate 
particles  is  highly  curvature-dependent.  For  example,  particles  with 
diameter  of  0.01  ym  have  a solubility  about  60%  higher  than  that  of  the 
flat  surface,  while  particles  with  diameter  of  0.1  ym  have  a solubility 
that  is  only  about  5%  higher  than  that  of  the  flat  surface  [10].  This 
is  the  driving  force  for  particle  growth  in  the  solution.  When  these 
colloids  grow  to  a relatively  large  size  in  the  solution,  their 
stability  will  be  controlled  by  surface  properties  such  as  the  degree  of 
hydration  and  surface  potential.  Colloids  may  be  attracted  to  the  glass 
surface  by  van  der  Waals  forces  and  become  part  of  the  surface  layer. 
Alternatively,  they  may  also  be  repelled  from  the  glass  surface  by 
either  a hydration  barrier  layer  (steric  hindrance)  or  electrostatic 
repul sion. 

For  the  sake  of  discussion,  the  surface  film  may  be  roughly  divided 
into  two  parts:  (1)  a precipitated  layer,  and  (2)  a leached  layer.  The 

precipitated  layer  is  composed  of  deposited  colloid  particles  as  well  as 
adsorbed  ionic  species  from  the  leachate.  The  leached  layer  is  usually 
termed  "alteration  layer."  It  forms  when  the  soluble  species  in  the 
glass  such  as  B2O3  and  Na20  are  leached  away  and  the  remaining  less 
soluble  species  such  as  Fe2C>3  and  SiC^  are  hydrated  as  water 
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continuously  penetrates  to  and  reacts  with  the  glass  matrix.  It  is 
generally  believed  that  the  long-term  stability  of  waste  glass  depends 
in  part  on  the  properties  of  these  surface  layers,  such  as  composition, 
density  and  electric  potential. 

Effects  of  Colloid  Formation  in  Flow  Tests 

Figure  4-2  shows  the  SEM  micrographs  of  DWRG  glass  surface  after 
leaching  in  deionized  water  with  a flow  rate  of  1 ml/hr  at  90°C  and  SA/V 
= 0.1  cm--*-.  Between  7 and  14  days  leaching,  there  is  a drastic  change 
in  the  glass  surface  morphology  and  the  precipitated  small  particles 
gradually  cover  the  whole  glass  surface  and  form  a porous  surface 
film.  Figure  4-3  shows  the  pH,  and  the  Na  and  Si  concentrations  as  a 
function  of  leaching  time.  In  tne  initial  stage  of  leaching,  leachant 
pH  increases  rapidly  due  to  ion  exchange  between  protons  and  alkali 
ions.  Both  silica  and  alkali  leach  rate  increase  with  increasing  pH  and 
reach  a maximum  after  8 days  leaching.  Since  solubility  of  metal  sili- 
cates or  hydroxides  decreases  with  increasing  pH  and  reaches  a minimum 
near  the  IEPS  of  metal  hydroxide  (Figure  3-3  and  3-6),  the  leachate  is 
oversaturated  with  respect  to  certain  metal  silicates  or  hydroxides 
after  8 days  leaching.  Further  leaching  of  glass  causes  the 
precipitation  of  metal  silicate  or  hydroxide  particles  onto  the  glass 
surface,  which  results  in  the  change  of  glass  surface  morphology  as 
illustrated  in  Figure  4-2.  Because  pH  near  the  glass  surface  is  usually 
slightly  higher  than  that  of  the  bulk  solution,  saturation  of  the 
leachant  is  reached  sooner  near  glass  surface  and  most  particles  are 
deposited  on  the  glass  surface.  However,  some  of  the  particles  will 


Figure  4-2.  SEM  micrographs  of  DWRG  leached  in  deionized  water 
at  90°C,  1 ml/hr.,  SA/V=0. lcm"1  for  (a)  3d,  (b)  7d, 
(c)  14d , (d)  14d , (e)  21d  and  (f)  28d. 
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Figure  4-2.  (continued). 
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14d 


21d 


28d 
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Figure  4-3.  Solution  data  for  the  leaching  of  DWRG  in  deionized  water 
at  90°C,  1 ml/hr.,  SA/V^.lcnr1. 
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remain  in  the  solution  and  increase  their  sizes  by  adsorbing  ions  in  the 
solution  as  leaching  time  increases. 

Supersaturation  is  relieved  after  12  days  by  the  precipitation  of 
these  particles  and  the  concentration  of  species  in  solution  reaches  a 
steady  state  controlled  by  the  dissolution  rate  of  glass  as  well  as 
leachant  flow  rate.  The  precipitated  surface  layer  formed  on  the  DWRG 
surface  grows  in  thickness  after  longer  times  of  leaching  due  to  in- 
creasing number  of  precipitated  particles  on  the  glass  surface. 

However,  this  precipitated  layer  seems  to  be  too  porous  to  protect  the 
underlying  glass  matrix.  As  a result,  the  thickness  of  the  alteration 
layer  also  increases  with  increasing  leach  time. 

Figure  4-4  shows  the  surface  morphology  of  DWRG  glass  leached  in 
D.I.  water  at  90°C  and  flow  rate  of  0.1  ml /hr  for  3 months.  The  glass 
surface  is  covered  with  a film,  which  is  poorly  adherent  to  the 
underlying  glass  matrix.  Part  of  the  surface  layer  flaked  off  during 
leaching  and  exposed  the  underlying  glass  to  the  leachate.  Colloidal 
particles  in  the  leachate  precipitated  onto  the  surface  layer  as  well  as 
the  underlying  leached  surface.  This  is  illustrated  in  Figure  4-4-c  and 
4-4-b . 

As  leach  time  increases,  these  precipitated  particles  gradually 
cover  the  entire  glass  surface  and  form  a rough  surface  layer  as  shown 
in  Figure  4-5.  These  particles  are  spherical  and  have  fairly  uniform 
size  (~0.2)jm)  which  is  different  from  the  particles  formed  in  the 
initial  stage  of  leaching  (Figure  4-2).  This  change  in  morphology  is 
due  to  particle  growth  and  shape  adjusting  in  the  leachate.  Figure 
4-6-a  shows  EDS  analysis  of  the  surface  film  after  6 months  leaching  in 


Figure  4-4.  SEM  micrographs  of  DWRG  leached  in  deionized  water 
at  90°C  and  flow  rate  of  0.1  ml/hr.  for  3 months, 
(a)  1,000X,  (b)  high  magnification  of  position  A, 
and  (c)  high  magnification  of  position  B. 
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which  the  electron  beam  was  focused  on  a large  precipitate  as  shown  in 
Figure  4-5-b.  These  colloids  are  rich  in  Mn,  Fe,  A1 , Ni  and  Ca  and 
contain  less  Si  and  Na  in  comparison  with  the  underlying  glass  matrix 
(Figure  4-6-b). 

Table  4-1  shows  the  XPS  analyses  of  the  surface  film,  which  is 
similar  to  the  result  of  EDS  analysis.  Small  concentrations  of  uranium 
were  found  on  the  surface  film  which  supports  the  idea  that  colloids  can 
adsorb  radionuclides  and  can  potentially  provide  an  alternative  way  of 
radionuclide  transport. 

Figure  4-7  shows  the  FT-IRRS  spectra  of  DWRG  surface  film  after  6 
months  leaching.  A large  water-stretchi ng  peak  at  ~3600  cm-1  indicates 
that  these  particles  are  highly  hydrated,  which  is  not  surprising  since 
these  particles  are  products  of  hydrolysis.  Heating  of  the  sample  at 
100°C  for  15  minutes  reduces  the  water  content  of  the  surface  layer  and 
causes  the  peak  intensity  (3600  cm"^)  to  decrease.  Further  heating 
causes  surface  layer  curling  and  flaking,  presumably  due  to  the  stress 
induced  during  dehydration  of  the  surface  layer. 

Electrophoresis  analysis  shows  that  colloidal  particles  in  the 
leachate  (6  months  sample)  have  a zeta  potential  of  about  -15  mV. 

Figure  4-8  shows  SEM-EDS  analysis  of  colloidal  particles  found  in  the 
leachate.  Some  particles  have  grown  to  a size  of  ~1  pm.  Since  the 
electrostatic  repulsion  force  between  these  particles  is  weak  (i.e. 

-15  mV),  particles  tend  to  form  clusters  before  depositing  onto  the 
glass  surface. 

Colloid  formation  plays  an  important  role  for  waste  glass  leached 
in  deionized  water  with  low  flow  rate.  The  formation  of  colloidal 
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Figure  4-6.  (a)  EDS  of  large  precipitation  shown  in  Figure  4-5- b , 

(b)  EDS  of  leached  surface. 


DIFFUSE  STAGE 
DWRG,  0.1  ml/hr  D.l.  water 
90°c,  6 M 
SA/V  = 0.1  cm-' 

(a)  before  heating 
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Table  4-1 


XPS  analyses  of  DWRG  surface  film,  leaching  for  1 year  in  0.1. 
water,  90°C,  SA/V=0.1cm  , flow  rate  = 0.1  ml/hr. 


Atomic  % 


El ement 

Glass  With  Film 

Film  Only 

0 

43.5 

46 

C 

35.3 

32 

Mn 

7.5 

7 

Si 

6.9 

4 

A1 

4.7 

3 

Ca 

0.7 

0.4 

Fe 

0.6 

1 

Mg 

0.5 

1.2 

U_ 

0.3 

0.3 

Total 

100.0% 

100.0% 

Figure  4-8.  SEM-EDS  analysis  of  colloidal  particles  formed 

during  leaching  of  DWRG  in  deionized  water  at  90°C, 
0.1  ml/hr.,  SA/V-0.1cm_l,  for  6 months. 
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particles  is  due  to  supersaturation  of  the  leachant  with  respect  to 
certain  metal  silicates  or  hydroxides.  In  static  tests,  since  the 
leachant  concentrations  and  pH  are  higher  than  that  of  flow  test,  col- 
loid formation  is  expected  to  be  quicker  and  the  quantity  of  colloids 
will  be  higher  than  in  flow  tests.  The  deposition  of  colloidal  parti- 
cles from  static  solutions  forms  a surface  layer  which  effectively 
reduces  glass  leach  rate  in  the  early  stage  of  leaching.  This  will  be 
discussed  in  more  detail  below. 

Colloid  and  Surface  Layer  Formation  in  Static  Tests 

Figure  4-9  shows  the  surface  morphology  of  SRL  131-29.8%  TDS  waste 
glass  leached  in  deionized  water  at  90°C,  SA/V  = 0.1  cm"1,  after  3 days 
and  7 days.  After  3 days  leaching,  the  glass  surface  was  covered  by  a 
layer  of  precipitated  colloidal  particles.  These  particles  gradually 
accumulate  and  form  a thick  surface  layer  after  7 days  leaching  (Figure 
4-9-c).  Figure  4-10  shows  pH  and  solution  data  for  the  leaching  of  SRL 
131-29.8%  TDS  waste  glass  in  deionized  water  at  90°C.  The  pH  of  the 
leachates  reached  9.5  within  the  first  3 days  and  changed  very  little 
thereafter.  This  was  attributed  to  the  buffering  effects  of  silicate 
and  borates.  Elemental  leach  rates  of  Si,  B and  Na  decrease  signifi- 
cantly after  7 days  leaching.  This  indicates  that  the  surface  altera- 
tion process  gives  rise  to  the  formation  of  a highly  effective  protec- 
tive layer  which  is  nearly  impermeable  with  respect  to  the  migration  of 
all  glass  components.  Figure  4-11  shows  the  morphology  and  cross- 
section  of  the  surface  layer  for  SRL  131-29.8%  TDS  waste  glass  leached 
in  deionized  water  after  28  days  leaching.  The  glass  surfaces  are 
covered  with  a precipitated  surface  layer  that  is  composed  of  colloidal 


Figure  4-9.  SEM  micrographs  of  SRL  131-29.8%  TDS  waste  glasses 
leached  in  deionized  water  at  90°C,  SA/V=0.1cm  , 
for  (a)  3 days  (3,000X),  (b)  3 days  (20,000X)  and 
(c)  7 days  (20.000X). 
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Concentration  (ppm) 


Figure  4-10.  Solution  data  for  the  leaching  of  SRL  131-29.8%  TDS 
waste  glass  in  deionized  water  at  90°C,  SA/V=0.1cm"* 
up  to  28  days. 


Figure  4-11.  SEM  micrographs  of  SRL  131-29.8%  TDS  waste  glass 

leached  in  deionized  water  for  28  days,  (a)  Surface 
mrophology,  (b)  cross-section  of  surface  film. 
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particles.  The  thickness  of  this  layer  is  approximately  10  ym  which  is 
due  to  the  combination  of  leaching  and  precipitation. 

Figure  4-12  to  4-14  show  the  elemental  depth  profile  of  uncorroded 
SRL  131-29.8%  TDS  glass  as  well  as  glass  leached  in  D.I.  water  for  1 day 
and  4 weeks  at  90°C,  SA/V  = 0.1cm"-'-.  The  thickness  of  alteration  layer 
is  about  0.1pm  after  1 day  leaching  and  is  rich  in  Fe,  Ni , Ti  and 
depleted  in  Na,  B,  Ca , and  Si  in  comparison  with  the  uncorroded  glass. 
The  depth  concentration  profile  of  glass  after  4 weeks  leaching  reflects 
the  composition  of  the  precipitated  surface  layer.  As  expected,  this 
layer  is  composed  of  multivalent  cations  such  as  Fe,  Ni , Ti  and  Ca. 

These  elements  precipitate  on  the  glass  surface  in  the  form  of  metal 
silicate  or  hydroxide  particles.  The  glass  surface  contains  less  silica 
and  is  depleted  in  alkali  and  boron  in  comparison  with  that  of  the 
uncorroded  glass. 

Figure  4-15  shows  the  surface  morphology  of  DWRG  glass  leached  in 
D.I.  water  under  static  conditions  at  90°C  for  6 months.  The  glass 
surface  is  covered  with  layers  of  deposited  particles.  These  particles 
may  coagulate  and  form  large  clusters  in  the  solution.  Figure  4-16-b 
shows  particles  found  in  solution.  The  negative  curvature  formed  in  the 
contact  area  of  two  particles  makes  this  region  less  soluble  in  compari- 
son with  that  of  the  positively  curved  particles.  As  a result,  there  is 
a tendency  of  mass  transport  from  the  positively  curved  region  to  the 
negatively  curved  region  as  illustrated  schematically  in  Figure  4-16-a. 
Since  the  rate  of  dissolution  and  deposition  is  higher  for  higher 
leachant  concentration  and  pH  values,  the  rate  of  mass  transport  is 
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ION  MILLING  TIME  (min.) 


Figure  4-12.  Surface  compositional  depth  profile  (AES-ion  milling)  of 
uncorroded  SRL  131-29.8%  TDS  waste  glass. 
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Surface  compositional  depth  profile  (AES-ion  milling)  of 
SRL  131-29.8%  TDS  waste  glass  after  leached  in  deionized 
water  at  90°C,  SA/V=0.1cm"  , for  1 day. 


Figure  4-13. 
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Figure  4-14.  Surface  compositional  depth  profile  (AES-ion  milling)  of 
SRL  131-29.8%  TDS  waste  glass  after  leached  in  deionized 
water  at  90°C,  SA/V=0. lcm-^ , for  28  days. 


Figure  4-15.  SEM  micrographs  of  DWRG  waste  glass  leached  in 
deionized  water  at  90°C,  SA/V=0.1cm  , for 
6 months,  (a)  1,000X,  (b)  10,000X. 
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Figure  4-16.  (a)  Schematic  of  mass  transport  during  colloids 

coagulation,  (b)  SEM  of  colloid  particles  formed 
during  leaching  of  DWRG  in  deionized  water  at  90°C, 
SA/V=0.1cm"  , for  6 months. 
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higher  in  static  tests  than  flow  tests.  This  explains  why  the  precipi- 
tated surface  film  formed  in  static  tests  is  smoother  than  that  of  the 
flow  test  (compare  Figures  4-5  and  4-15). 

Precipitated  Layer  and  Leached  Layer 

The  precipitated  layer  is  mainly  formed  by  the  deposition  of  amor- 
phous colloidal  particles.  However,  under  certain  conditions  crystal- 
line phases  may  form.  Glass  surface  properties,  such  as  surface  poten- 
tial, composition  and  morphology,  are  determined  by  this  layer.  The 
leached  layer  usually  exhibits  a layered  structure,  which  might  be 
formed  by  the  similar  solution/precipitation  process,  i.e.  when  water 
enters  the  glass  surface,  soluble  species  such  as  B2O3  and  I^O  dissolve 
and  diffuse  out  of  glass  surface,  while  less  soluble  species  (such  as 
iron  silicates)  remain  within  the  glass  surface.  These  species  gradu- 
ally form  a layered  structure  as  water  continues  to  alter  the  underlying 
glass  matrix.  Due  to  the  removal  of  soluble  species  such  as  BgOj  and 
^0,  stresses  develop  inside  the  layer  that  can  lead  to  its  exfolia- 
tion. 

It  is  difficult  to  distinguish  the  precipitated  layer  and  leached 
layer  because  both  layers  are  formed  by  a similar  solution/precipitation 
process  and  thus  have  similar  composition.  However,  under  certain  con- 
ditions, such  as  when  glass  is  leached  in  deionized  water  with  a high 
flow  rate,  the  colloid  production  rate  is  low.  Colloids  do  not  deposit 
onto  the  glass  surface  in  sufficient  quantities  to  build  a precipitated 
layer,  and  the  surface  layer  will  be  dominated  by  the  leached  layer. 

Figure  4-17  shows  the  surface  morphology  of  SRL  131-29.8%  TDS  waste 
glass  leached  in  deionized  water  at  a flow  rate  of  5ml/hr,  SA/V  = 
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0.05  cm  up  to  28  days.  Colloids  were  found  on  the  glass  surface 
after  7 days  leaching.  However,  due  to  the  high  flow  rate,  these 
precipitated  particles  are  not  sufficient  to  form  a precipitated  layer 
even  after  28  days  leaching.  Figure  4-18  shows  the  glass  surface 
morphology  after  14  days  leaching.  Part  of  the  leached  layer  has  flaked 
off  revealing  its  layered  structure.  Removal  of  the  leached  layers  from 
the  bulk  glass  reveals  various  degrees  of  pitting  on  the  leached 
surface.  Also,  a mirror  image  is  found  on  the  leached  layer  subsurface 
as  illustrated  in  Figure  4-19.  These  chain-like  structures  in  the 
subsurface  of  the  leached  layer  are  thought  to  be  related  to  the  glass 
surface  finish.  The  polishing  process  apparently  forms  stress  lines  on 
the  glass  surface  which  make  these  regions  more  susceptible  to 
leaching. 

Figure  4-20  shows  the  surface  morphology  of  a fractured  SRL  131- 
29.8%  TDS  waste  glass  (without  surface  finish)  after  leaching  in  D.I. 
water  for  1 month  at  90°C.  No  pitting  was  found  on  the  leached  glass 
surface,  which  supports  the  idea  that  these  pits  are  related  to  the 
surface  finishing  process.  Figure  4-20-b  shows  that  the  surface  layer 
is  covered  with  plate  or  needle  shaped  particles  instead  of  spherical 
particles.  This  might  be  due  to  the  high  SA/V  ratio  of  this  experiment, 
which  results  in  a high  leachate  pH  (10.5)  and  high  leachate 
concentration.  Particles  grow  very  fast  after  they  are  nucleated  in  the 
leachant.  Although  the  spherical  shape  has  lower  surface  energy  in 
comparison  with  plate  or  needle  shaped  particles,  needle-  or  plate- 
shaped particles  may  form  if  the  degree  of  supersaturation  in  the 
leachate  is  high.  These  particles  have  high  negative  charges  due  to 


Figure  4-18.  SEM  micrographs  of  SRL  131-29.8%  TDS  waste  glass 
leached  in  deionized  water  at  90°C,  SA/V=0.05cm"l , 
flow  rate  = 5 ml /hr.,  for  14  days,  (a)  320X, 

(b)  2,000X. 
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Figure  4-19.  SEM  micrographs  of  leached  layer  subsurface  for 
glass  sample  shown  in  Figure  51.  (a)  300X, 

(b)  2,000X,  and  (c)  20,Q00X. 
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Figure  4-20.  SEM  micrographs  of  a fractured  (without  surface 

finish)  SRL  131-29.8%  TDS  waste  glass  after  leached 
in  deionized  water  for  1 month  at  90°C  (a)  200X, 

(b)  high  magnification  of  position  A,  and  (c)  high 
magnification  of  position  B. 
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high  solution  pH,  and  consequently  repel  1 each  other  and  result  in  the 
honeycomb  appearance  of  the  surface  layer  as  shown  in  Figure  4-20-b. 

Summary 

The  leaching  of  waste  glass  in  deionized  water  will  cause  certain 
species  to  become  oversaturated  in  the  solution  and  form  particles  of 
metal  silicates  or  hydroxides.  These  particles  may  either  precipitate 
onto  the  glass  surface  and  form  a precipitated  surface  layer,  or  they 
may  stay  in  the  solution  and  act  as  an  alternative  way  of  radionuclide 
transport.  The  surface  layer  can  be  roughly  divided  into  two  parts- 
precipitated  layer  and  leached  layer.  The  leached  layer  is  formed  when 
water  penetrates  the  surface  layer  and  alters  the  underlying  glass 
matrix.  Soluble  species  may  diffuse  out  of  the  surface  layer  while  less 
soluble  species  remain  within  the  glass  surface  and  form  a layered 
structure  as  leaching  time  increases.  Under  static  or  slow  flow  condi- 
tions, this  surface  layer  can  be  termed  "protective",  since  the  leach 
rates  of  even  the  most  soluble  species  (B,  Na)  are  reduced  significantly 
after  a short  period  of  leaching.  The  long-term  glass  leach  rate  will 
depend  on  the  properties  of  this  surface  layer,  such  as  porosity, 
density,  composition  and  thickness.  Surface  films  formed  under  flowing 
solution  are  much  more  porous  than  under  static  condition.  This  is  part 
of  the  reason  that  the  leach  rate  is  higher  for  flowing  tests  than  for 
the  static  tests. 

The  basis  for  both  the  colloid  and  surface  layer  formation  is  the 
low  solubility  of  multivalent  metal  ions  in  neutral  and  alkaline  solu- 
tions. This  has  been  discussed  in  detail  in  Chapter  III.  The  leach 
rate  of  more  soluble  species  such  as  cesium  is  highly  dependent  on  the 
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properties  of  this  surface  film,  while  the  leach  rate  of  less  soluble 
species  such  as  uranium  is  regulated  by  its  solubility.  However,  col- 
loid formation  provides  an  alternative  method  for  the  transport  of  these 
less  soluble  species. 

In  summary,  colloid  formation  and  protective  layer  build-up  and 
structure  are  important  in  determining  the  release  rates  of  the  various 
components  of  glassy  waste  forms  under  static  or  flowing  deionized 
waters.  In  actual  service,  glass  waste  forms  will  be  exposed  to  reposi- 
tory ground  waters  and  ground  water  chemistry  will  affect  the  formation 
of  colloids  and  surface  film.  The  role  of  solution  chemistry  on  col- 
loids, surface  film  formation,  and  glass  leach  rate  will  be  discussed  in 
the  next  two  chapters. 

Another  interesting  observation  from  the  comparison  of  surface  mor- 
phology of  fractured  glass  and  polished  glass  after  leaching  is  that  the 
surface  finishing  process  will  cause  pitting  on  the  glass  matrix  which 
might  enhance  glass  leach  rate  in  the  early  stage  of  leaching. 


CHAPTER  V 


EFFECTS  OF  MONOVALENT  SOLUTION  CATIONS  ON  LEACHING  BEHAVIOR  OF 
SIMULATED  NUCLEAR  WASTE  GLASS 

Introducti on 

The  primary  issue  of  concern  regarding  nuclear  waste  glass  is  its 
long-term  stability  in  contact  with  hot  respository  ground  water  in  the 
event  of  a canister  being  breached.  Ground  water  chemistry  in  a reposi- 
tory is  very  important  to  waste  disposal,  since  the  transport  by  ground 
water  is  considered  to  be  the  only  mechanism  of  importance  for  movement 
of  nuclear  waste  away  from  deep  geological  repositories  selected  for 
freedom  from  igneous  activity.  In  order  to  make  the  best  possible 
prediction  for  the  leach  rate  of  waste  glass  throughout  the  service  life 
of  the  repository,  a thorough  understanding  of  the  influence  of  solution 
ions  within  ground  water  on  waste  glass  leaching  behavior  is  required. 

By  understanding  the  effects  of  each  solution  cation  on  glass  leaching, 
we  could  obtain  a better  understanding  of  waste  glass/ground  water 
interactions. 

We  may  roughly  divide  solution  cations  into  two  groups  (i)  cations 
that  can  be  "specifically"  adsorbed  onto  glass  surfaces  and  have 
relatively  low  solubility  at  certain  pH  ranges  and  (ii)  monovalent 
cations  such  as  Na  and  K that  are  not  strongly  adsorbed  by  the  glass  and 
have  relatively  high  solubility  in  the  leachant.  The  effects  of 
multivalent  (ions  with  valence  greater  than  +1)  solution  cations  on 
glass  leaching  behavior  will  be  discussed  in  Chaper  VI.  In  the  present 
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chapter,  we  study  the  leaching  behavior  of  waste  glass  in  solutions 
containing  monovalent  cations. 

Fifty  years  ago,  Oienert  and  Wandenbulcke  [89]  reported  that  alka- 
linity and  salts  were  good  catalysts  for  silica  dissolution.  Wiegel 
[90]  found  that  glass  was  more  resistant  to  attack  by  water  than  by  salt 
solutions,  respectively. 

Van  Lier  [91]  found  that  NaCl  increased  the  rate  of  dissolution  of 
quartz  in  water  by  factors  of  about  4,  14  and  67  in  10"3,  10'2  and  1CT1 
N solutions. 

The  effect  of  electrolytes  on  the  solubility  of  amorphous  silica 
powder  was  examined  by  Greenberg  and  Price  [92].  Up  to  0.1  N NaCl  or 
Na2S04  had  no  effect  on  the  solubility.  Similar  results  were  found  by 
other  investigators  [93,  94]. 

The  dissolution  of  amorphous  silica  or  simple  glass  in  water  is  de- 
polymerization  through  hydrolysis.  The  hydroxyl  ion  acts  as  a catalyst 
by  attaching  itself  to  a silicon  atom  on  the  glass  surface  and  increases 
the  coordination  number  of  silicon  to  more  than  four,  thus  weakening  the 
Si-0  bond.  The  presence  of  salt  increases  ionic  strength  of  solution 
and  lowers  the  glass  zeta  potential.  Since  the  adsorption  of  a hydroxyl 
ion  onto  glass  surface  is  an  electrochemical  reaction  (i.e.  a net  trans- 
fer of  charge  occurs),  the  electrical  work  of  bringing  one  hydroxyl  ion 
from  solution  to  the  glass  surface  becomes  less  as  the  glass  zeta  poten- 
tial is  decreased.  Thus  the  depolymerization  (or  polymerization)  rate 
might  be  increased  by  the  presence  of  salt;  that  is,  the  presence  of 


148 


salt  will  affect  the  kinetic  of  silica  leaching.  However,  silica  solu- 
bility will  not  be  affected  by  the  presence  of  Na  or  K cations  in  the 
solution  because  the  interaction  between  Si(0H)4  and  Na  (or  K)  is  weak. 

The  leaching  behavior  of  nuclear  waste  glass  is  quite  different 
from  that  of  amorphous  silica  or  simple  glasses.  The  formation  of  a 
surface  layer  is  the  key  factor  that  controls  the  long-term  stability  of 
waste  glasses.  The  presence  of  salts  in  the  leachant  can  potentially 
affect  the  formation  and  property  of  this  surface  layer.  Also,  the  sta- 
bility of  colloids  in  the  leachant  will  be  greatly  affected  by  the  pres- 
ence of  salt.  NaCl  and  KC1  were  chosen  for  the  present  study  since  they 
are  major  components  of  nearly  all  ground  waters. 

Experimental 

The  composition  of  glass  used  in  this  study  (SRL-131-29.8  TDS  simu- 
lated nuclear  waste  glass)  was  given  in  Table  2-2.  High  density  poly- 
ethylene bottles  were  used  for  leaching  experiments.  Glass  samples  were 
polished  through  600  grit  Si C paper.  Alkali  metal  solutions  were  made 
by  dissolving  Na  or  K chloride  (ACS  grade)  in  deionized  water.  Leachant 
concentrations  were  determined  by  inductively  coupled  plasma 
spectroscopy  (ICP-AE).  FTIR  and  Scanning  Electron  Microscopy-Energy 
Dispersive  X-ray  Analysis  (SEM-EDS)  were  used  for  glass  surface 
analysis. 
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Results  and  Discussion 

Figures  5-1  and  5-2  show  the  amount  of  silicon,  boron  and  lithium 
leached  from  the  waste  glass  after  10  days  and  80  days  leaching  in  10"3, 
10“2  and  10_1M  KC1  and  NaCl  solutions  at  90°C,  SA/V  = 0.1  cm"1.  The 
presence  of  salt  in  the  leachant  significantly  reduces  Si,  B and  Li 
leach  rates.  Weight  loss  of  glass  samples  after  leaching  (Figure  5-3) 
shows  the  same  trend.  pH  values  of  leachants  before  and  after  leaching 
are  shown  on  Table  5-1.  Higher  concentrations  of  KC1  or  NaCl  in  the 
leachant  causes  lower  pH  values  after  leaching,  presumably  due  to  the 
ion  exchange  between  alkali  ions  and  silanol  surface  protons  (i.e.,  H+ 
are  released  into  solution). 

Potassium  is  more  effective  in  reducing  pH,  Si,  8 and  Li  leach 
rates  in  comparison  with  Na.  This  is  probably  due  to  the  larger  size  of 
potassium  ions  which  makes  it  more  effective  in  blocking  the  diffusion 
path  of  soluble  species  such  as  Na  or  B.  High  concentrations  of  Na  in 
solution  reduces  silica  leach  rate,  but  is  less  effective  in  reducing  B 
and  Li  leach  rates. 

Table  5-2  shows  the  amount  of  Ca  and  Mg  leached  from  the  waste 
glass  after  10  days  leaching  in  salt  solutions.  Unlike  Si,  B or  Li 
ions,  Ca  and  Mg  leach  rates  increase  in  high  concentration  KC1  or  NaCl 
solutions.  This  might  be  due  to  the  adsorption  of  alkali  ions  which 
decreases  the  number  of  surface  silanol  sites  for  reaction  with  these 
multivalent  metal  cations.  Also,  the  lower  pH  values  in  high  concentra- 
tion KC1  and  NaCl  solutions  will  increase  the  solubility  limit  of  these 
multivalent  cations  and  result  in  a higher  leach  rate  of  these  elements. 
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Figure  5-1.  Solution  data  for  SRL  131-29.8%  TDS  waste  glasses 
leached  in  NaCl  and  KC1  solutions  at  90°C, 
SA/V=0.01cm"l  for  10  days. 
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Figure  5-2.  Solution  data  for  SRL  131-29.8%  TDS  waste  glasses 
leached  inMaCl  and  K(fl  solutions  at  90°C, 
SA/V=0.1cm  for  80  days. 


Normalized  weigh!  loss 
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Figure  5-3.  Normalized  weight  loss  of  SRL  131-29.8%  TDS  waste 
glasses  leached  in  NaCl  and  KC1  solutions  at  90°  O', 
SA/V=0. Icm-1  for  (a)  80  days  and  (b)  10  days. 
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Table  5-1 

pH  values  of  NaCl  and  KC1  solutions  after  exposure  to 
SRL  131-29.8%  TDS  waste  glass  at  90°C,  SA/ V=0.  lcm""3 


KC1 

NaCl 

D.I. 

Water 

10"3M 

10'2M 

10-1M 

10“3M 

10“2M 

10"1 

Before  Leaching 

5.6 

5.8 

5.8 

6.1 

5.8 

5.8 

6.0 

10  Days 

9.4 

9.3 

9.3 

9.1 

9.3 

9.2 

9.1 

80  Days 

9.5 

9.2 

8.6 

7.8 

9.6 

9.2 

9.1 
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Table  5-2 


Ca  and  Mg  concentrations  of  NaCl  and  KC1  solutions  after 
exposure  to  SRL  131-29.8%  TDS  waste  glass  at  90°C, 
SAV=0.1cm-1  for  10  days 


D*1-  JNaCl  Solutions  KC1  Solutions 

Water  10"  ^M  10~^M  10~IM  10"3  10'2  10_1M 


Ca 

(ppm) 

0 

0.1 

0.4 

1.4 

0.1 

0.5  1.7 

Mg 

(ppm) 

0 

0 

0.1 

0.5 

0 

0.1  0.3 
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SEM  micrographs  of  SRL  131-29.8%  TDS  waste  glass  leached  in 
D.I.  water  at  90°C,  SA/V=0.1cm_1 , for  80  days,  (a)  100X, 
(b)  11.000X  and  (c)  30.000X. 


Figure  5-4. 
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Figure  5-5.  SEM  micrographs  of  SRL  131-29.8%  TDS  waste  glasses 
leached  in  (a)  10' 6 M NaCl , (b)  10'2  M NaCl  and 
(c)  10' 1 M NaCl  solutions  at  90°C,  SA/V=0.1cm'1 
for  80  days. 
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(a) 


(b) 
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Figure  5-6.  SEM  micrographs  of  SRL  131-29.8%  TDS  waste  glasses 
leached  in  (a)  10-i  M KC1 , (b)  10“2  M KC1  and 
(c)  10-i  M KC1  solutions  at  90°C,  SA/V=0.1cm_1 
for  80  days. 
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Figures  5-4  to  5-6  show  the  SEM  micrographs  of  SRL-131-29.8%  TDS 
waste  glasses  leached  in  D.I.  water,  NaCl  and  KC1  solutions  for  80  days. 
For  glass  leached  in  deionized  water,  due  to  the  tensile  stress  induced 
when  Na20  and  B2O3  are  leached  from  glass,  the  surface  layer  shows  rela- 
tively large  cracks  after  leaching.  For  glasses  leached  in  solutions 
containing  higher  concentrations  of  alkali  ions,  the  surface  layer 
exhibits  less  severe  cracking.  The  adsorption  of  alkali  ions  onto  glass 
surface  will  reduce  the  tensile  stress  of  the  glass  surface  layer  and 
result  in  a more  rigid  surface  layer. 

Figures  5-4-b  to  5-4-c  show  that  both  the  glass  surface  and  leached 
surface  (below  the  gel  layer)  are  covered  with  small  colloidal  particles 
(~  0*1  pm)-  Similar  surface  morphology  was  found  in  other  glasses. 

These  particles  are  formed  by  solution/precipitation  processes.  Some 
particles  may  coagulate  in  the  solution  and  form  relatively  large  aggre- 
gates before  being  deposited  onto  glass  surface.  It  is  interesting  to 
see  that  for  glass  leached  in  solution  with  higher  alkali  content, 
increasing  amounts  of  precipitates  were  found  on  the  glass  surface  due 
to  the  coagulation  effects  of  these  electrolytes. 

Electrophoresis  analysis  on  the  glass  powder  leached  in  various  al- 
kali solutions  shows  that  glass  zeta  potential  decreases  with  increasing 
alkali  content  in  the  leachant,  due  to  the  compression  of  the  diffuse 
part  of  the  double  layer.  This  is  illustrated  in  Figure  5-7  and  5-8. 

A large  number  of  colloidal  particles  were  found  in  the  solution 
after  80  days  in  D.I.  water.  These  particles  have  a zeta  potential  of 
about  -40  mV.  No  particle  was  found  in  10“ 1M  NaCl  or  KC1  solutions 
after  leaching.  This  is  due  to  the  coagulation  effect  of  these 
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Figure  5-7.  Zeta  potential,  pH  and  specific  conductance  of  SRL 
131-29.8%  TDS  waste  glass  powders  leached  in  NaCl 
solutions  at  90°C  for  1 day. 
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SRL  131- 29.8%  TDS  powder 
90°c  , Id,  KCI  solutions 


Figure  5-8.  Zeta  potential,  pH  and  specific  conductance  of  SRL  131-29. 8% 
TDS  waste  glass  powders  leached  in  KCI  solutions  at  90°C  for 
1 day. 
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electrolytes.  The  adsorption  of  alkali  or  other  cations  on  the  surface 
of  glass  and  colloids  will  decrease  the  number  of  si  1 an ol  sites  for 
hydrogen  bonding  with  water  and  in  that  sense  is  "dehydrated"  tnus 
making  these  colloids  more  sensitive  to  coagulation  by  electrolytes. 
Since  colloidal  particles  in  the  leachant  become  less  stable  as  alkali 
concentration  in  the  leachant  increases,  these  particles  tend  to  precip- 
itate on  the  glass  surface  and  result  in  a rough  surface  layer  as  shown 
in  Figures  5-5-c  and  5-6-c. 

Figure  5-9  shows  the  cross-section  of  the  glass  surface  layer  after 
leaching  in  10“^M  NaCl  solution  for  10  days  and  80  days.  The  thickness 
of  surface  layer  is  ~ 10  ym  after  10  days  leaching  and  increases  slight- 
ly after  80  days  leaching.  The  thicknesses  of  surface  layers  for  glass 
leached  in  D.I.  water,  10-2M  NaCl  or  10”2M  NaCl  solutions  are  approxi- 
mately the  same.  Figure  5-10  shows  the  morphology  and  cross-section  of 
the  surface  layer  for  glass  leached  in  10-2M  NaCl  solution  after  80  days 
leaching.  Due  to  the  presence  of  crater-like  pitting  of  the  glass  with 
corresponding  mounds,  there  is  a wide  variation  in  the  thickness  of  the 
surface  layer.  Previous  investigations  have  shown  that  this  pitting  is 
caused  by  polishing  which  alters  the  glass  surface  and  makes  it  more 
susceptible  to  localized  attack  by  water. 

Table  5-3  shows  the  result  of  EDS  analysis  on  the  glass  surface 
layer  after  80  days  leaching  in  various  alkali  solutions.  For  glass 
leached  in  solution  containing  higher  concentrations  of  alkali  ions, 
higher  contentrations  of  sodium  and  potassium,  and  lower  contentrati ons 
of  multivalent  ions,  such  as  Ca,  Ti  , Mn,  Fe  and  Ni  were  found  on  glass 
surface.  This  is  due  to  alkali  ions  replacing  multivalent  cations  that 


Figure  5-9.  SEM  analyses  of  the  cross-section  of  surface  layer 

of  SRL  131-29.8%  TOS  waste  glasses  leached  in  10"^  M 
NaCl  solution  at  90°C  for  (a)  10  days,  (b)  80  days, 
l.OOOX,  and  (c)  80  days,  10,000X. 
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Figure  5-10.  SEM  micrographs  of  SRL  131-29.8%  TDS  waste  glasses 
leached  in  10"  M NaCl  solution  for  80  days 
(a)  surface  morphology,  (b)  cross-section  of  the 
surface  layer,  and  (c)  cross-section  of  the 
surface  layer,  different  location. 
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Table  5-3 


EDS  peak  ratios  of  glass  surface,  SRL  131-29.8%  TDS, 
80-day,  SA/ V=0. lcm"1 , 90°C. 


NaCl 
10-3  M 

Sol utions 
10"2  M 

10_1  M 

10“3  M 

KC1  Solutions 
10“2  M 10'1  M 

Na/Si 

0.14 

0.17 

0.39 

0.08 

0.19 

0.31 

K/Si 

0 

0 

0 

0.08 

0.22 

0.28 

Ca/Si 

0.23 

0.13 

0.04 

0.14 

0.09 

0.0 

Ti /Si 

0.12 

0.1 

0.07 

0.11 

0.09 

0.06 

Mn/Si 

0.47 

0.37 

0.39 

0.37 

0.33 

0.12 

Fe/Si 

1.51 

1.17 

1.09 

1.23 

1.26 

0.71 

Ni/Si 

0.12 

0.12 

0.11 

0.09 

0.09 

0.05 
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were  bonded  with  surface  silanol  sites.  As  a result,  the  leach  rate  of 
multivalent  cations  such  as  Mg  and  Ca  will  increase  as  the  alkali  con- 
centration in  the  leachant  increases,  as  shown  in  Table  5-2. 

Figures  5-11  to  5-14  show  the  infrared  refletion  spectra  of  glass 
leached  in  NaCl  and  KC1  solutions  after  10  days  and  80  days  leaching. 

As  leaching  time  and  alkali  concentration  increase,  the  Si-O-M  non- 
bridging stretching  peak  (~  850  cm”-'-)  becomes  more  and  more  prominent, 
which  corresponds  to  an  increasing  alkali  content  of  the  glass  surface 
1 ayer. 

In  summary,  the  surface  film  of  glass  leached  in  salt  solutions  has 
higher  alkali  content,  fewer  multivalent  cations,  lower  zeta  potential 
and  more  rigid  structure,  due  to  ion-exchange  of  these  alkali  ions  with 
surface  silanol  sites. 

The  presence  of  K in  solution  has  two  major  effects  on  glass 
leaching;  (i)  ion-exhange  with  surface  silanol  protons  which  reduces 
solution  pH  and  blocks  the  diffusion  path  of  B or  Li  (ii)  reduces  zeta 
potential  of  glass  which  makes  colloids  unstable  in  the  solution.  As  a 
result.  Si,  B or  Li  leach  rates  are  reduced  significantly  for  glass 
leached  in  KC1  solution.  In  the  case  of  Na,  it  may  ion-exchange  with 
silanol  protons  which  reduces  solution  pH  and  glass  zeta  potential. 
However,  it  is  not  able  to  block  the  diffusion  path  of  B or  Li . This 
results  in  a higher  leachate  pH  in  comparison  with  glass  leached  in  KC1 
solution.  Because  silica  leach  rate  increases  with  increasing  pH  near 
the  neutral  pH  range,  glass  leached  in  NaCl  solution  has  a higher  silica 
leach  rate  in  comparison  with  that  of  KC1  solutions.  Leach  rates  of  Ca 
and  Mg  are  increased  in  both  KC1  or  NaCl  solutions,  resulting  from  the 


171 


o 


03 

l f) 

C 

o 


3 

O 

00 


o 

03 


T 3 
<1) 
-C 

u 

03 

<D 


CO 

<U 

CO 

CO 

03 

cn 


<v 


00 

03 


00 

Q 

I— 


CO 

CTi  CO 
C\J 
I 03 
t-H  “O 
CO 

r-*  O 


C£  i- 

00  o 


O-H 

I 

00  E 

cu  u 

C0  r-l 
• 

«—  o 

03  II 


00  oo 

CCL 


CC  ~ 

>-«  o 

I O 

o 
u_  cr» 


i 

LO 


0> 

s- 


172 


(%)  30  N VI 03 133  H 


1400  1200  1000  800  600  400  200 

WAVENUMBERS  (cm-) 

Figure  5-12.  FT-IRRS  analyses  of  SRL  131-29.8%  TDS  waste  glasses  leached  in  KC1  solutions 
at  90°C , SA/V=0. lcnr1  for  10  days. 
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lower  pH  values  of  alkali  solutions  and  the  adsorption  of  alkali  ions. 
The  latter  decreases  the  number  of  silanol  sites  for  reaction  with  these 
multivalent  metal  cations. 


Summary 


1.  KC1  decreases  the  leach  rates  of  Si  and  B of  SRL-131-29.8%  TDS  waste 
glass  in  deionized  water  for  80  days  by  factors  of  1.3,  2,  4 and 
1.5,  3,  6 in  10"^,  10"^  and  10-1M  solutions,  respectively. 

2.  The  presence  of  Na  in  solution  slightly  decreases  Si  leach  rate  but 
has  little  influence  on  B or  Li  leach  rates. 

3.  Ca  and  Mg  leach  rates  are  increased  in  both  KC1  and  NaCl  solutions. 

4.  SEM-EDS  analysis  of  glass  surfaces  shows  that  glass  surfaces  contain 
higher  alkali  and  lower  multivalent  metal  ions  as  alkali  concentra- 
tions in  the  leachant  increase. 

5.  Electrophoresis  analysis  shows  that  zeta  potential  of  glass  powders 
decreases  as  alkali  concentration  in  the  solution  decreases.  Col- 
loidal particles  were  found  in  solution  after  80  days  leaching  in 
deionized  water.  No  particles  were  found  in  10_1M  KC1  or  NaCl  solu- 
tions after  leaching.  Instead,  a large  number  of  precipitates  were 
found  on  the  glass  surface,  which  results  in  a rough  surface 
morphology  in  comparison  with  glass  leached  in  deionized  water. 


CHAPTER  VI 


ELECTROKINETIC,  COLLOID,  AND  SURFACE  LAYER  STUDIES  OF  SIMULATED 
NUCLEAR  WASTE  GLASS  LEACHED  IN  AQUEOUS  SOLUTION 
CONTAINING  MULTIVALENT  CATIONS 

Introduction 

When  glasses  are  immersed  in  aqueous  solutions,  an  electrical 
charge  develops  on  their  surface  from  the  adsorption  and  desorption  of 
ions  between  the  glass  surface  and  solution.  This  surface  charge  influ- 
ences the  distribution  of  nearby  ions  in  the  solution.  Ions  of  opposite 
charge  (counter-ions)  are  attracted  toward  the  surface  while  ions  of 
like  charge  (co-ions)  are  repelled  from  the  surface.  This,  together 
with  the  mixing  tendency  due  to  thermal  motion,  leads  to  the  formation 
of  an  electrical  double  layer  made  up  of  the  charged  surface  and  a neu- 
tralizing excess  of  counter  ions  over  co-ions  distributed  in  a diffuse 
manner  in  the  aqueous  solution.  Electroki netic  behavior  depends  on  the 
potential  at  the  plane  of  shear  between  the  charged  surface  and  the 
electrolyte  solution.  This  potential  is  called  the  zeta  potential. 

Although  there  are  several  papers  that  report  zeta  potential  of 
glass  [95,  96],  few  of  them  consider  the  effect  of  leaching.  Since 
leaching  will  alter  glass  surface  composition  as  well  as  solution  compo- 
sition, it  is  expected  that  glass  zeta  potential  would  be  a function  of 
leach  time.  If  certain  multivalent  cations  are  present  in  the  solution, 
glass  zeta  potential  will  be  altered  by  the  adsorption  of  these  ions, 
and  under  certain  conditions,  it  may  even  reverse  sign  from  negative  to 
positive.  Multivalent  cations  such  as  A1 , Zn,  Mg  or  Ca  may  be  present 
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in  the  ground  water  or  they  may  originate  from  the  ground  water 
interaction  with  bentonite,  quartz  sands,  overpack  materials,  granite  or 
other  host  rocks.  A thorough  understanding  of  the  influence  of  these 
solution  cations  on  glass  leaching  behavior  is  necessary  to  make  the 
best  possible  prediction  for  the  leach  rate  of  the  glass  throughout  the 
service  life  of  the  repository. 

Zeta  potential  of  glass  plays  an  important  role  on  glass  leaching; 
for  example,  the  diffusion  of  charged  species  through  the  glass/solution 
interface  will  be  affected  by  this  potential  [97].  Also,  colloid  sta- 
bility in  the  leachant  is  closely  related  to  glass  zeta  potential.  Col- 
loids may  be  attracted  to  the  glass  surface  by  van  der  Waals  forces  and 
become  part  of  the  surface  film.  They  may  also  be  repelled  from  the 
glass  surface  by  either  a hydration  barrier  layer  or  electrostatic 
repulsion  between  the  similarly  charged  glass  and  colloids.  Electro- 
phoresis provides  a direct  method  to  observe  the  electrostatic  behavior 
of  both  glass  and  colloids  in  aqueous  solution. 

The  purpose  of  these  studies  has  been  to  monitor  the  electrostatic 
behavior  at  the  waste  glass/aqueous  solution  interface  as  a function  of 
leaching  time  and  relate  it  to  the  mechanism  of  surface  film  and  colloid 
formation.  The  effects  of  multivalent  solution  cations  on  glass 
leaching  is  also  discussed. 


Experimental 

The  compositions  of  glasses  used  in  this  study  (DWRG  and  SRL-131- 
29.8%  TDS  simulated  nuclear  waste  glass)  were  given  in  Table  2-2.  Glass 
powders  were  prepared  by  crushing  bulk  glass  with  a steel  hammer  and 
pestle,  grinding  in  a ball  mill,  and  sieving  through  -325+400  mesh 
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screen.  The  powder  had  a surface  area  of  ~ 1.5m2/g  as  determined  by  BET 
surface  area  measurments.  For  zeta  potential  measurements,  0.03g  glass 
powders  were  added  to  100  ml  solutions,  which  resulted  in  a SA/V  ratio 
of  ~ 4.5  cm  Cation  solutions  were  made  by  dissolving  ultrapure 
(99.999%)  metal  chloride  in  deionized  water.  Leachate  concentrations 
were  determined  by  inductively  coupled  plasma  spectroscopy  (ICP).  The 
zeta  potential  of  particles  was  measured  by  electrophoresis  (Laser  Zee 
Meter,  Model  501).  Scanning  Electron  Microscopy  Energy  dispersive  x-ray 
analysis  (SEM-EDS),  XPS  and  FTIR  were  used  for  glass  surface  analysis. 

Results  and  Discussion 

Zeta  Potential 

As  soon  as  glass  powders  are  immersed  in  D.I.  water,  the  release  of 
modifier  ions  and  ionization  of  silanol  groups  on  and  within  the  glass 
surface  forms  a large  number  of  negatively  charged  = SiO"  groups.  These 
groups  are  responsible  for  the  high  negative  charge  (Figure  6-1)  that 
forms  on  the  glass  surface.  The  following  reactions  occur: 

= Si-0-Na<-  ■*  = Si-0"  + Na+  (25-a) 

= Si-0"  + H20  + + = Si -OH  + OH"  (25-b) 

Reaction  (25-a)  produces  a negative  charge  on  the  glass  surface,  while 
reaction  (25-b)  increases  the  solution  pH  and  decreases  the  surface 
potential . 

After  one  hour  leaching,  the  zeta  potential  of  glass  powder  is 
nearly  constant  ( — 30  mV)  which  corresponds  to  the  formation  of  metal 
silicate  surface  layer.  This  potential  is  considerably  lower  than  that 
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Figure  6-1.  The  time-dependence  of  the  zeta  potential,  specific 
conductance  and  solution  pH  of  SRL  131-29.8%  TDS 
waste  glass  powder  at  90°C  in  D.  I.  water. 
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of  vitreous  silica,  presumably  due  to  the  high  percentage  of  multivalent 
cations  present  in  the  surface  layer. 

If  different  weights  of  glass  powders  are  added  to  D.I.  water  and 
maintained  at  room  temperature  for  1 month,  the  final  solution  pH  and 
ionic  strength  (related  to  specific  conductance)  will  be  different,  as 
is  shown  on  Figure  6-2.  The  zeta  potential  of  glass  powder  becomes  more 
negative  with  increasing  solution  pH  and  becomes  less  negative  with 
increasing  solution  ionic  strength  due  to  the  ionization  of  silanol 
groups  and  the  compression  of  the  electrical  double  layer,  respecti vely. 

Figure  6-3  shows  the  zeta  potential  time-dependence  of  SRL-131- 
29.8%  TDS  waste  glass  powder  at  90°C  in  a solution  containing  1028  ppm 
A1 Cl  3.  The  hydrolysis  of  A1  ions  causes  a low  solution  pH  due  to  the 
high  charge/radius  of  A1  ions.  The  zeta  potential  of  the  glass  powder 
was  found  to  reverse  signs  in  the  presence  of  AICI3,  which  indicates 
that  the  A1  ions  penetrate  the  double  layer  and  react  with  the  glass 
surface. 

For  glass  powder  leached  in  CaCl2,  MgCl 2 and  ZnCl2  solutions 
(Figures  6-4  to  6-6),  a positive  surface  potential  is  formed  initially, 
but  goes  to  zero  after  a short  time.  These  observations  are  explained 
as  follows.  When  glass  powders  are  placed  into  these  solutions, 
reaction  25  (ion  exchange)  quickly  brings  the  solution  pH  up  to  the 
value  that  is  close  to  the  pH  for  hydrolysis  of  metal  ions.  At  this  pH, 
cations  begin  to  be  adsorbed  onto  the  glass  and  form  positively  charged 
surface  sites  by  the  reaction: 

n = Si-OH  + Mz+  (=  Si  - 0)n  M(z-n)+  + nH+  (26) 


Solution  pH  is  buffered  by  adsorption  and-  hydrolysis  of  these  cations. 
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Figure  6-2.  The  zeta  potential  and  specific  conductance 
of  SRL  131-29.8%  TDS  glass  powder.  pH  values 
were  adjusted  by  adding  different  amounts  of 
glass  powder  in  deionized  water  at  room 
temperature  for  1 month. 
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Figure  6-3.  The  time-dependence  of  the  zeta  potential,  specific 
conductance  and  solution  pH  of  SRL  131-29.8%  TDS 
waste  glass  powder  at  90°C  in  1028  ppm  A1 Cl 3 solution. 
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Figure  6-4.  The  time-dependence  of  the  zeta-potential  specific 
conductance  and  solution  pH  of  SRL  131-29.8%  TDS 
waste  glass  powder  in  1152  ppm  MgC^  solution. 
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Figure  6-5.  The  time-dependence  of  the  zeta  potential,  specific 

conductance  and  solution  pH  of  SRL  131-29.8%  TDS  waste 
glass  powder  in  1057  ppm  CaCl^  solution. 
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Figure  6-6.  The  time-dependence  of  the  zeta  potential,  specific 

conductance  and  solution  pH  of  SRL  131-29.8%  TDS  waste 
glass  powder  in  1025  ppm  ZnC^  solution. 
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It  has  been  shown  in  Chapter  III  that  their  adsorption  and 
hydrolysis  of  these  metal  cations  are  closely  related  to  their  charge 
over  radius  ratio  (Z/R).  Thus,  the  zeta  potentials  of  glass  leached  in 
Mg  or  Ca  chloride  solutions  are  less  positive  in  comparison  with  glass 
leached  in  Zn  chloride  solution.  However,  as  leaching  time  increases, 
silica  concentration  in  the  leachate  gradually  increases  and  the 
precipitation  of  metal  silicate  colloidal  particles  on  the  glass  surface 
forms  a slightly  negatively  charged  surface  film.  Since  the  ionic 
strength  of  the  solution  is  high,  the  electrical  double  layer  is 
compressed  resulting  in  a nearly  zero  zeta  potential.  This  is  supported 
by  the  results  of  zeta  potential  measurements  of  washed  powders;  e.g. 
glass  powders  leached  in  Mg,  Ca  or  Zn  chloride  solutions  (4  weeks 
samples)  were  washed  by  deionized  water  (pH  adjusted  to  the  same  value 
as  the  leachant)  for  several  times.  The  zeta  potentials  of  these  glass 
powders  were  then  measured  again.  Results  show  that  glass  powders 
leached  in  these  chloride  solutions  have  zeta  potentials  of  -9,  -10  and 
-5  mV  in  D.I.  water  of  the  same  pH  value,  respectively. 

In  order  to  correlate  the  surface  composition  and  morphology  of 
glass  with  its  zeta  potential,  bulk  glass  polished  with  600  grit  Si C 
paper,  in  addition  to  glass  powders,  was  placed  in  leachants  to  facili- 
tate surface  analysis.  Figure  6-7  shows  SEM-EDS  analysis  of  SRL-131- 
29. 8%  TDS  waste  glasses  (with  0.03  g glass  powder)  leached  in  D.I. 
water,  A1 , Ca , Mg  and  Zn  chloride  solutions  for  10  days  at  90°C.  EDS 
analysis  of  the  glass  surfaces  shows  that  for  glass  leached  in  D.I. 
water,  a surface  layer  rich  in  Ca,  Ti , Mn,  Fe  and  Ni  was  produced.  For 
glasses  leached  in  A1 , Ca,  Mg  and  Zn  chloride  solutions,  adsorption 


Figure  6-7.  SEM-EDS  analysis  of  SRL  131-29.8*  TDS  bulk  glasses 

leached  with  0.03  g glass  powder  for  10  days  at  90°C 
in  (a)  0.  I.  water,  (b)  1028  ppm  AlCl^  solution, 

(c)  1057  ppm  CaCl 2 solution,  (d)  same  as  c,  but  beam 
focus  on  large  particle,  (e)  1152  ppm  MgCl?  solution 
and  (f)  1025  ppm  ZnCl 2 solution. 
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Figure  6-7.  (continued). 
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Table  6-1 


SRL-131-29.8%  TDS  waste  glasses  (bulk  glass  and  0.03  g powder) 
leached  in  D.I.  water,  A1  Cl  3 , CaCl2,  MgCl 2 and  ZnClo 
solutions  at  90°C‘ 


1 day  leaching  10  days  leaching 

S.C.  Z.P.  S.C.,  Z.P. 

pH  (ohm-1)  (mV)  pH  (ohm-1)  (mV) 


D.I.  water 
AlClo  solution 
(1029  ppm) 

9.9 

0.11 

-35. 

9.3 

0.20 

-28. 

3.6 

0.34 

+38.1 

3.1 

0.37 

+28. 

CaCl 2 solution 
(1057  ppm) 

9.1 

0.35 

0 

7.7 

0.36 

0 

MgCl p solution 
(1152  ppm) 

7.7 

0.33 

0 

7.3 

0.37 

0 

ZnCl2  solution 
(1025  ppm) 

5.9 

0.35 

+18.4 

5.7 

0.37 

0 
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occurred  on  the  glass  surface,  resulting  in  higher  peak  intensities  for 
these  elements.  Spectra  6-7-c  and  6-7 -d  are  the  average  spectra  on  the 
glass  surface  and  the  particle,  respectively.  The  particle  contains  a 
large  concentration  of  Ca,  possibly  as  calcium  carbonate.  Other 
particles  on  the  micrographs  in  Figure  6-7  were  found  to  have  com- 
positions similar  to  that  of  the  glass  matrix.  These  particles  are 
probably  from  the  glass  powders  deposited  onto  the  bulk  glass  surface 
during  leaching. 

Table  6-1  shows  the  pH,  specific  conductance  of  leachant  and  zeta 
potential  of  these  glass  samples  (bulk  and  powder)  after  1 day  and  10 
days  leaching  in  these  solutions.  These  data  are  consistent  with  the 
results  of  zeta  potential,  specific  conductance,  and  pH  measurements  of 
glass  powders  (Figures  6-1  to  6-6).  Solution  pH  decreases  as  leaching 
time  increases,  resulting  from  the  metal  silicates  formation  during 
leaching  (equation  26). 

Similar  to  Figure  6-6,  Table  6-1  shows  that  the  zeta  potential  of 
glass  leached  in  ZnClg  solution  is  +18  mV  after  1 day  leaching  yet  it 
reduces  to  zero  after  10  days  leaching.  XPS  analyses  on  glass  surfaces 
show  that  the  Zn/Si  atomic  ratio  on  the  surface  layer  is  0.86  after  1 
day  leaching,  but  reduces  to  0.6  after  10  days  leaching.  Since  the  iso- 
electric point  of  Si O2  and  ZnO  are  2 and  8,  respectively,  at  pH  5.7, 
silica  would  be  negatively  charged  and  zinc  oxide  would  be  positively 
charged.  Higher  concentrations  of  Si  on  the  surface  layer  will  reduce 
glass  zeta  potential  while  higher  Zn  concentrations  on  the  surface  layer 
will  increase  it.  The  decrease  of  glass  zeta  potential  with  increasing 
leaching  time  is  likely  due  to  the  increasing  silica  content  on  the 
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surface  layer.  Since  silica  content  on  the  surface  layer  is  closely 
related  to  silica  concentration  in  the  solution.  As  silica  concen- 
tration in  the  leachant  increases  the  glass  surface  becomes  more  silica- 
rich  and  zeta  potential  decreases.  Similar  reactions  occur  for  glasses 
leached  in  Ca  and  Mg  chloride  solutions.  It  should  be  pointed  out  that 
if  several  ligands  are  present  in  the  solution,  there  will  be  a compe- 
tition between  these  ligands.  In  this  case,  the  solution  contains 
ligands  such  as  Si ( OH ) ^ , Cl"  and  water  radicals  and  these  ligands  will 
react  with  metal  ions  and  form  complexes  or  colloids  in  the  solution. 
Additionally,  these  complex  ions  or  colloids  will  be  deposited  onto  the 
glass  surface  and  form  a precipitated  surface  layer.  In  the  initial 
stage  of  leaching,  since  silica  concentration  is  low  in  the  leachate, 
metal  cations  are  primarily  in  the  form  of  carbonate,  chloride  or  hy- 
droxide complexes  in  the  solution.  As  leaching  time  increases,  silicate 
complexes  will  increase  their  concentration  in  both  solution  and  on  the 
glass  surface,  and  the  measured  glass  zeta  potential  will  decrease. 

For  glass  leached  in  AlCl^  solution,  the  surface  was  severely 
altered  during  leaching  (Figure  6-7-b).  This  could  be  due  to  the  low  pH 
of  A1  Cl  ^ solution,  but  as  will  be  shown  later,  colloids  could  also 
account  for  this  behavior. 

Surface  Layer  and  Colloid  Formation 

In  order  to  study  colloid  formation,  bulk  SRL-131-29.8%  TDS  waste 
glass  was  leached  in  0.1.  water  and  solutions  containing  chlorides  of 
A1 , Zn , Mg  and  Ca  at  90°C,  SA/V  = 0.05  cm"^,  for  up  to  67  days.  Figures 
6-8  and  6-9  show  the  plot  of  Si,  B,  Na  concentrations  and  pH  of  leachant 
versus  leaching  time.  The  silica  leach  rate  was  reduced  by  the  presence 
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Figure  6-8.  Solution  data  for  the  leaching  of  SRL  131-29.8%  TDS  waste 
glass  in  deionized  water,  230  ppm  A1  Cl  solution,  250  ppm 
CaCl2  solution,  538  ppm  MgCl 2 solution  and  260  ppm  ZnCl2 
solution  at  90°C,  SA/V=0 . 05cm"l , up  to  67  days. 
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pH  values  for  the  leaching  of  SRL  131-29.8%  TDS  waste  glass 
in  deionized  water,  230  ppm  A1C1-  solution,  250  ppm  CaCl„ 
solution,  538  ppm  MgCl?  solution  and  260  ppm  ZnCl9  solution 
at  90°C,  SA/V=0.05  cm"  , up  to  67  days. 


Figure  6-9. 
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of  Ca,  Mg,  AT  and  Zn  ions  in  the  leachant,  while  6 or  Na  leach  rates 
were  reduced  significantly  only  by  the  presence  of  Mg.  Other  cations  do 
not  have  much  effect  on  the  leach  rates  of  these  soluble  species. 

For  glasses  leached  in  D.I.  water  or  A1 Cl 3 solutions,  colloidal 
particles  were  found  in  the  leachate  and  these  particles  had  zeta  poten- 
tials (after  67  days)  of  -44  and  +44  mV,  respectively.  Colloids  were 
not  found  in  the  Mg,  Zn  or  Ca  chloride  solutions  after  leaching.  This 
is  not  surprising  since  glasses  leached  in  Mg,  Zn  or  Ca  chloride  solu- 
tions have  very  low  surface  potentials  and  any  colloids  formed  in  these 
solutions  would  be  attracted  to  the  glass  surfaces  by  van  der  Waals 
forces  and  become  part  of  the  surface  layer.  For  glass  leached  in  D.I. 
water  or  A1 Cl  3 solution,  a high  surface  potential  is  formed  at  the 
glass/solution  interface  (~  -30  mV  in  D.I.  water,  ~ +40  mV  in  AICI3 
solution).  Colloids  remain  in  solution  due  to  the  high  electrostatic 
repulsion  between  the  similarly  charged  colloids  and  glass  surface. 

Figure  6-10  shows  SEM-EDS  analyses  of  colloidal  particles  formed 
during  leaching  of  SRL-131-29.8%  TDS  waste  glass  at  90°C  in  D.I.  water 
and  A1 Cl  3 solution  for  67  days.  Si,  Fe  and  A1  are  the  major  components 
of  these  particles;  other  elements  (Cu,  Pb,  Zn)  shown  in  the  spectra  are 
impurities  from  the  brass  sample  holder.  Colloids  that  formed  in  D.I. 
water  were  spherically  shaped  with  diameters  of  ~ 0.2  um,  while  parti- 
cles formed  in  A1 Cl 3 solution  were  much  larger  (~  10  ym). 

Solubility  limits  must  be  exceeded  before  colloids  can  form.  For 
glass  leached  in  D.I.  water  (67  days),  the  Si  concentration  in  the 
leachate  (32  ppm)  is  far  below  the  solubility  limit  of  amorphous  silica 
(~  500  ppm  at  90°C,  pH  9),  while  other  multivalent  cations,  especially 


Figure  6-10.  SEM-EDS  analyses  of  colloidal  particles  formed  durin 
leaching  of  SRL  131-29.8%  TDS  waste  glass  at  (a)  0.1 
water  and  (b)  230  ppm  AlC^  solution  at  90°C, 

SA/V=0.05cm"  , for  67  days.  Samples  are  on  brass 
sample  holder. 
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Fe,  have  reached  their  solubility  limit.  The  colloids  formed  in  D.I. 
water  might  be  nucleated  as  ferric  hydroxide;  these  nuclei  react  with 
monosilicic  acid  in  the  leachant  and  grow  in  size  as  leaching  time 
increases.  Figure  6-11  shows  the  surface  morphology  and  cross-section 
of  the  glass  surface  layer  after  leaching  in  deionized  water  for  67 
days.  The  surface  layer  is  covered  by  colloidal  particles  and  has  a 
thickness  of  ~ 10  um. 

For  glass  leached  in  A1 Cl ^ solution,  a surface  layer  was  formed  in 
the  early  stage  of  leaching  (Figure  6-12-a),  which  has  a thickness  of 
about  1 um  (Figure  6-12-b).  As  leaching  time  increased,  this  surface 
layer  was  destroyed  (flaked  off)  from  the  glass  surface  as  the  under- 
lying glass  matrix  dissolved  (6-12-c)  and  the  glass  leach  rate 
increased.  Figures  6-12-d  and  6-12-e  show  the  remaining  surface  layer 
and  the  altered  glass  surface,  respectively.  The  relatively  large 
precipitate  in  the  leachate  as  shown  in  Figure  6-10,  is  most  likely  part 
of  the  flaked  surface  layer. 

Figure  6-13  shows  the  EDS  analyses  of  waste  glass  leached  in  A1  Cl  3 
solution  and  deionized  water  for  67  days.  In  comparison  with  glass 
leached  in  deionized  water,  the  presence  of  A1C13  in  leachant  results  in 
a surface  that  contains  more  Si  and  less  multivalent  elements,  such  as 
Fe,  Mn,  Ni  and  Ca , due  to  the  low  pH  of  AICI3  solution. 

For  glasses  leached  in  Mg,  Zn  and  Ca  chloride  solutions,  a rela- 
tively thick  surface  layer  covered  the  glass  surface  in  the  initial 
stage  of  leaching.  The  silica  leach  rate  is  reduced  by  this  surface 
layer  due  to  the  lower  solubility  of  silica  in  these  solutions.  Figures 
6-14  to  6-16  show  the  SEM-EDS  analyses  of  waste  glasses  leached  in  Mg, 


Figure  6-11.  SEM  micrographs  of  SRL  131-29.8%  TDS  waste 
leached  in  deionized  water  at  90°C,  SA/V=0 
for  67  days,  (a)  Surface  morphology  and  ( 
section  of  surface  film. 
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Figure  6-12.  SEM  micrographs  of  SRL  131-29.8%  TOS  waste 
glass  leached  in  230  ppm.AlCU  solution 
at  90°C , SA/V  = 0.05  cm'1  for  (a)  3 days, 

(b)  cross-section  of  surface  film  after  3 days 
leaching,  (c)  19  days,  (d)  remaining  surface 
layer  and  (e)  altered  glass  surface. 
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Figure  6-12.  (continued) 


Figure  6-13.  EDS  analyses  of  SRL  131-29.8%  TDS  waste  glass  after 
67  days  leaching  in  D.I.  water  and  230  ppm  AlClo 
solution  at  90°C,  SA/V=0.05cm“l . (a)  230  ppm  AT  Cl  ^ 

solution,  (b)  D.I.  water. 
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Figure  6-16.  SEM  micrographs  of  SRL  131-29.8%  TDS  waste  glasses 
leached  in  260  ppm  ZnClo  solution  at  90°C, 
SA/V=0.05cm"i  for  (a)  67  days,  (b)  high 
magnification  on  crystal,  (c)  high  magnification 
on  surface  film,  (d)  EDS  analysis  on  crystal  and 
(e)  EDS  analysis  on  surface  layer. 
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Figure  6-16.  (continued). 


215 


Ca  and  Zn  chloride  solutions  for  67  days.  Glass  surfaces  are  covered 
with  amorphous  and  crystalline  precipitates.  For  glass  leached  in  Mg  or 
Ca  chloride  solutions,  EDS  analyses  show  that  the  compositions  of  those 
precipitates  are  similar  to  that  of  the  surface  layer.  X-ray  diffrac- 
tion analyses  on  these  glass  samples  show  no  significant  peaks,  indi- 
cating that  these  precipitates  are  primarily  amorphous.  For  glass 
leached  in  ZnCl2  solutions,  relatively  large  white  crystals  were  found 
on  the  surface.  EDS  analyses  of  the  surface  film  and  crystals  (Figures 
6-16-d  and  6-16-e)  show  that  surface  film  contains  more  Fe  and  A1  and 
less  Zn  in  comparison  with  that  of  the  crystal.  X-ray  diffraction 
analysis  on  glass  samples  shows  significant  peaks,  indicating  that  these 
precipitates  are  cyrstalline.  However,  a computer  search  of  x-ray  data 
and  an  individual  comparison  of  peak  matches  to  x-ray  standards  could 
not  identify  the  stoichiometry  of  this  phase. 

If  we  compare  the  surface  morphology  of  surface  layers  formed  in 
these  metal  chloride  solutions  (Figures  6-16-c  and  6-17),  it  appears 
that  the  surface  layer  formed  in  MgCl 2 solution  (Figure  6-17-a)  is  the 
least  porous  in  comparison  with  the  surface  layer  formed  in  Zn  or  Ca 
chloride  solutions.  This  could  explain  why  surface  layers  formed  in 
MgCl2  solutions  provide  more  effective  diffusion  barriers  and  leach 
rates  of  Na  and  B are  significantly  reduced  up  to  67  days  leaching  in 
MgCl2  solutions.  Figure  6-18  shows  the  cross-section  of  a surface  layer 
formed  in  MgCl 2 solution  after  3 and  67  days  leaching.  The  thickness  of 
the  surface  layer  is  about  10  ^m  after  3 days  leaching  and  does  not 
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-17.  SEM  micrographs  of  SRL  131-29.8%  TDS  waste  glasses  leached 
solutions  for  67  days  at  90°C,  SA/V=0.05cm“*. 

(a)  538  ppm  MgCl^  solution,  (b)  250  ppm  CaCl?  solution. 
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Figure  6-18.  Cross-section  of  surface  layer  for  SRL  131-29.8% 
TDS  waste  glass  leached  in  538  ppm  MgCl?  solution 
for  (a)  3 days  and  (b)  67  days. 
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increase  appreciably  after  longer  leach  times.  This  shows  that  the 
formation  of  a surface  layer  has  effectively  reduced  glass  leaching. 

Figures  6-19-a  and  6-19— b show  the  surface  morphology  of  waste 
glass  leached  in  Zn Cl 2 solutions  for  67  days.  This  sample  is  a 
duplicate  of  the  glass  sample  depicted  in  Figure  6-16.  It  shows  that 
crystals  on  the  glass  surface  are  covered  by  a layer  of  precipitates 
(probably  amorphous).  Figures  6-19-c  and  6—1 9 — d show  the  cross-section 
of  the  surface  layer.  The  thickness  of  precipitated  surface  layer  is 
approximately  10  ym,  whereas,  in  the  region  near  the  crystal,  its 
thickness  is  well  above  10  ym.  This  surface  layer  is  formed  by  a 
combination  of  leaching  and  precipitation.  Below  this  layer,  the  cross- 
section  of  waste  glass  reveals  a porous  structure  which  indicates  water 
has  penetrated  this  region  and  altered  the  glass  structure.  Figures 
6-19-e  and  6-19-f  show  the  cross-section  of  glass  leached  in  ZnCl 2 
solution  for  3 days  and  19  days.  The  thickness  of  surface  layer  is 
about  5 ym  after  3 days  leaching  and  increases  to  about  10  ym  after  19 
days  leaching.  In  other  words,  this  surface  layer  was  unable  to 
effectively  reduce  glass  leaching  and  the  thickness  of  both  the 
precipitated  layer  and  leached  layer  increase  as  leaching  time 
increases. 

Table  6-2  illustrates  the  effects  of  adding  Mg,  Zn  and  Ca  chloride 
solutions  into  solution  A,  where  solution  A is  prepared  by  leaching  SRL 
131-29.8%  TDS  waste  glass  powder  in  deionized  water  at  room  temperature 
for  3 months.  The  addition  of  metal  chloride  solutions  into  solution  A 
decreases  solution  pH  and  forms  precipitates.  Figure  6-20  shows  the 
SEM-EDS  analyses  of  these  precipitates.  The  major  components  of  these 


Figure  6-19.  SEM  micrographs  of  SRL  131-29.8%  TDS  waste  glass 
leached  in  260  ppm  ZnCl?  solution  for  (a)  67  days, 
100X,  (b)  67  days,  1000X,  (c)  67  days,  cross-section 
of  surface  layer,  (d)  same  as  (c),  different  loca- 
tion, (e)  3 days,  cross-section  of  surface  layer  and 
(f)  19  days,  cross-section  of  surface  layer. 
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Figure  6-19.  (continued). 
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Figure  6-19.  (continued). 
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Table  6-2 


The  effects  of  adding  Mg,  Zn  or  Ca  chloride  solutions 

into  solution  A* * 


lH 

[Si] 

(ppm) 

[Na] 

(ppm) 

[B] 

(ppm) 

[M]***bf 

(ppm) 

[ML 

(ohm-1) 

S.C. 

(ppm) 

A-  • r • u i 

particles 

(mv) 

Solution  A 

9.2 

20 

30 

7 

0.18 

-42 

50  ml  Solutin  A 
+ 5 ml  ZnCl 
(1025  ppm) 

6.4 

12 

24 

7 

[Zn ] =93 

[Zn]=77 

0.43 

0 

50  ml  Solution  A 
+ 5 ml  MgClo 
(1152  ppm) 

7.8 

11 

32 

9 

[Mg]=105 

[Mg] =45 

0.45 

-5 

50  ml  Sol ut ion  A 
+ 5 ml  CaClo 
(1057  ppm) 

8.5 

19 

20 

7 

[Ca]=96 

[Ca]=55 

0.41 

-12 

* Solution  A was  prepared  by  aging  SRL- 131-29. 8%  TOS  glass  powder  at  room 
temperature  for  3 months. 

After  mixing  with  Solution  A,  aging  at  90°C  for  1 day,  then  solutions 
were  ultrafiltrated  by  millipore  cx-10  filter  (~  10  A). 

***  [M]  b.f . (before  filtration)  - run  - 5 


[M]  original  x 


50+5* 
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-20.  SEM-EDS  analysis  of  precipitates  formed  by 
adding  5 ml  of  (a)  1152  ppm  Mg  Cl p solution, 
(b)  1025  ppm  ZnCl2  solution,  and  (c)  1057  ppm 
CaCl  2 solution  info  50  ml  of  solution  A. 
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precipitates  were  silica,  chloride  and  metal  ions.  Since  the  zeta 
potentials  of  these  precipitates  were  low  (0  to  -12  mV)  when  bulk 
glasses  are  present  in  the  solutions,  these  particles  deposit  onto  their 
surfaces  and  form  a slightly  negatively  charged  surface  layer.  Silica 
leach  rate  will  be  reduced  by  these  surface  films.  The  leach  rate  of 
soluble  species  such  as  B or  Na  will  depend  on  properties  of  this 
surface  film  such  as  porosity,  composition  and  surface  potential. 

In  general,  the  presence  of  multivalent  solution  cations  in 
leachant  has  four  main  effects  on  glass  leaching: 

1.  Provides  a buffering  capacity  on  leachant  pH  by  hydrolysis  and 
adsorption  of  these  cations. 

2.  Changes  the  solubility  of  leached  species  by  forming  less  soluble 
metal  silicates. 

3.  Forms  a surface  layer  rich  in  these  cations. 

4.  Changes  glass  surface  potential. 

These  effects  are  not  independent;  their  combination  makes  glass 
react  differently  in  these  cation  solutions  in  comparison  with  glass 
leached  in  deionized  water. 

Effects  of  Flow 

In  order  to  characterize  the  leach  behavior  of  nuclear  waste  glass 
under  flow  conditions  which  may  be  expected  in  a geologic  repository, 
the  flow  test  was  used.  This  test  is  also  a useful  diagnostic  for  leach 
mechanisms.  For  example,  in  the  case  that  the  controlling  mechanism  is 
diffusion  through  a layer,  leachate  concentrations  initially  rise  with 
time  and  then  decrease  as  a protective  layer  is  built  up,  which  slows 
down  the  leaching  process.  In  cases  where  the  controlling  mechanism  is 
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simple  corrosion  (matrix  dissolution  at  constant  rate),  leachate 

concentrations  steadily  rise  with  time  until  they  approach  constant 
levels  [9]. 

Figures  6-21  to  6-23  show  the  plot  of  pH,  and  Si,  B,  and  Na 
concentrations  versus  leach  time  for  SRL-131-29.8%  TDS  waste  glass 
leached  in  D.I.  water,  MgCl  2 and  A1 Cl 3 solutions  up  to  28  days.  For 
glass  leached  in  deionized  water,  it  can  be  seen  that  the  concentration 
of  Si,  B,  Na  and  solution  pH  exhibit  a maximum  after  a short  period  of 
leaching  and  then  decrease  to  a nearly  constant  value.  These  transient 
changes  are  thought  to  be  due  to  the  precipitation  of  certain  metal 
silicates  or  hydroxides.  Precipitation  results  in  a reduction  in 
solution  concentration  and  pH.  This  has  been  discussed  in  Chapter  IV. 

For  glass  leached  in  MgCl 2 solution,  the  time  required  to  reach  the 
maximum  pH  and  solution  concentration  is  ~ 2 days.  This  is  faster  than 
that  of  glass  in  deionized  water  and  is  probably  due  to  the  relatively 
low  solubility  of  silica  in  MgCl 2 solution.  Figure  6-24-a  shows  the  SEM 
analysis  of  glass  surface  after  28  days  leaching  in  MgCl^  solution;  the 
glass  surface  is  covered  with  a thick  surface  layer.  Leachant 
concentration  steadily  decreases  with  time  which  indicates  this  surface 
layer  is  effective  as  a diffusion  barrier. 

In  the  case  of  A1 , the  time  requi  red  to  reach  the  maximum  pH  is 
less  than  1 day.  This  shows  that  alumino  silicate  precipitates  were 
formed  in  the  very  early  stage  of  leaching.  Leach  rate  of  nearly  all 
elements  (except  Fe)  is  reduced  by  this  surface  layer  in  short-term 
leaching  experiments.  However,  due  to  the  low  pH  of  AICI3  solution, 
this  layer  gradual ly  flakes  off  as  underlying  glass  dissolves  and  the 
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Figure  6-21.  Solution  data  for  SRL  131-29.8%  TDS  waste  glasses 
leached  in  deionized  water,  90°C,  SA/V=0.05cm  , 

flow  rate  = 1 ml/hr,  up  to  28  days. 
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Figure  6-22.  Solution  data  for  the  leaching  of  SRL  131-29.8%  TDS 
waste  glasses  leached  in  250  ppm  MgCl?  solution  at 
90°C,  SA/V=0.5cm"  , flow  rate  = 1 ml /nr,  up  to  28  days. 
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Figure  6-23.  Solution  data  for  the  leaching  of  SRL  131-29.8%  TDS 
waste  glasses  leacbed  in  250  ppm  A1C1.,  solution  at 
90°C,  SA/V=0.05cm  , flow  rate  = 1 ml/hr,  up  to 

28  days. 


Figure  6-24.  SEM  micrographs  of  SRL  131-29.8%  TDS  waste  glasses 
leached  in  250  ppm  MgClo  and  A1 Cl 3 solution  at  90°C, 
SA/V=0.05cm-i,  flow  rate  = 1 ml/hr,  for  28  days. 

(a)  MgCl 2 solution  and  (b)  A1 Cl  3 solution. 
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glass  leach  rate  increases  with  time  until  it  approaches  a constant 
value.  In  other  words,  the  controlling  mechanism  is  matrix  dissolution 
at  constant  rate.  Figure  6-24-b  shows  the  surface  morphology  of  waste 
glass  after  28  days  leaching  in  A1 Cl 3 solution.  The  surface  morphology 
is  similar  to  that  of  waste  glass  leached  in  a static  A1 Cl 3 solution 
(Figures  6-7-b  and  6-12).  However,  the  glass  surface  alteration  is  not 
as  severe  as  in  the  static  test,  presumably  due  to  the  continous 
replenishment  of  A1 Cl 3 solution  during  the  flow  test.  The  aluminum  ion 
in  the  static  test  is  most  likely  in  the  form  of  colloids  after  long- 
term leaching,  which  is  less  effective  than  aluminum  ions  in  reducing 
the  glass  leach  rate.  The  regular  lines  and  dots  on  glass  surfaces  are 
caused  by  the  polishing  process,  i.e.  the  residual  stress  on  glass 
surface  caused  by  polishing  makes  these  regions  more  susceptible  to  the 
attack  by  AICI3  solution. 

Figures  6-25  and  6-26  show  the  FT-IRRS  spectra  of  glass  leached  in 
flowing  MgCl  3 and  AICI3  solutions  for  28  days.  These  spectra  are 
similar  to  those  of  glass  leached  in  static  MgCl 2 and  A1C13  solutions 
(Figures  6-27  and  6-28).  This  indicates  that  the  surface  compositions 
are  similar  for  glass  leached  in  static  or  slow  flowing  A1  Cl  3 or  MgCl  2 
solutions.  Colloidal  particles  were  found  in  flowing  A1 Cl 3 solution, 
and  had  a zeta  potential  of  ~ + 30  mV.  Colloids  were  not  found  in 
flowing  MgCl 2 solution,  most  likely  due  to  the  low  zeta  potential  of 
glass  and  particles.  For  glass  leached  in  flowing  0.1.  water,  only  a 
few  particles  were  found  in  the  final  solution  (28  days). 
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Generally  speaking,  under  flowing  conditions,  the  presence  of  A1  or 
Mg  cations  in  solution  reduces  glass  leach  rate  due  to  the  relatively 
low  solubility  of  silica  in  these  solutions.  Glass  leached  in  MgCl 2 
solutions  forms  a thick  surface  layer  which  is  effective  as  a diffusion 
barrier  and  leachate  concentrations  continuously  decrease  as  leach  time 
increases.  In  the  case  of  AICI3,  the  formation  of  a relatively  thin 
alumino-silicate  surface  layer  reduces  silica  leach  rate  significantly 
in  the  initial  stage  of  leaching.  However,  due  to  the  low  pH  of  AICI3 
solution,  the  leach  rate  of  multivalent  cations  (such  as  Fe)  is  much 
higher  than  in  glass  leached  in  deionized  water  or  MgCl  2 solution.  The 
glass  surface  layer  was  destroyed  after  long-term  leaching  and  the  leach 
rate  increased  with  time.  The  quantity  of  colloids  found  in  flowing 
A1  Cl  3 solution  is  greater  than  that  found  in  D.I.  water  or  MgCl 2 solu- 
tion, due  to  the  high  positive  surface  charge  and  lower  solubility  of 
alumino  silicates.  Both  of  these  conditions  facilitate  colloid  forma- 
tion and  stability  in  A1 Cl  3 solution  in  comparison  with  that  of  MgCl 2 
solution  or  D.I.  water. 

Effects  of  Iron  Coupon 

The  presence  of  multivalent  cations  in  leachant  will  change  the 
solubility  of  leached  species  and  form  less-soluble  complexes  or 
particles.  The  precipitation  of  these  particles  on  glass  surfaces  might 
form  a protective  surface  film  which  could  physically  block  the 
diffusion  process  and  inhibit  glass  leaching.  The  presence  of  Mg  in  the 
leachant  is  such  a case.  However,  under  certain  conditions,  these 
particles  will  remain  in  the  leachant  and  adsorb  ions  in  the  leachant, 
thus  reducing  the  concentrations  of  elements  in  the  leachant,  thereby 
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increasing  glass  leach  rate.  The  presence  of  iron  coupon  in  the 
leachant  is  such  a case. 

Table  6-3  illustrates  the  effects  of  Stripa  ground  water  and  iron 
coupon  on  glass  leaching.  The  compositions  of  Stripa  water  and  iron 
coupon  are  shown  in  Table  6-4.  Previous  studies  [98,99]  have  shown  that 
the  leach  rate  of  Si,  B and  other  soluble  glass  components  exhibit  an 
approximate  inverse  relationship  to  the  amount  of  Si  initially  present 
in  the  leachant.  This  explains  why  glass  shows  a lower  leach  rate  in 
Stripa  water  in  comparison  with  glass  leached  in  deionized  water. 

Figure  6-29  shows  SEM-EDS  analyses  of  DWRG  leached  in  Stripa  water  at 
90°C,  SA/V  = 0.1  cm"-*-,  for  1 month.  Spectra  6-29-c  and  6-29-d  are  the 
average  spectra  on  the  glass  surface  and  particles,  respectively.  The 
particles  contain  a large  concentration  of  Ca.  This  is  similar  to  the 
particle  formed  during  leaching  of  SRL  131-29.8%  TDS  waste  glass  in 
CaCl  2 solution  (Figure  6-7-d),  which  suggests  the  presence  of  Ca  in 
Stripa  water  also  plays  an  important  role  on  glass  leaching  behavior. 

When  iron  coupon  is  added  to  the  leachant,  the  beneficial  effect  of 
ground  water  on  glass  leaching  disappears,  the  leach  rate  of  glass  was 
enhanced.  A lot  of  precipitations  were  found  in  the  solution  after 
leaching.  Electrophoresis  analyses  of  the  leachate  show  that  these 
particles  have  a zeta  potential  of  about  -45  mV.  The  high  electrostatic 
repulsion  force  between  the  similarly  charged  glass  surface  and 
particles  could  explain  why  these  particles  remain  stable  in  the 
leachant.  Figure  6-30  shows  SEM-EDS  analysis  of  particles  formed  in  the 
leachate;  Fe  and  Si  are  their  primary  components.  The  strong 
interaction  between  Fe^+  ions  and  silica  makes  silica  concentration  in 
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Table  6-3 


Normalized  total  mass  loss  (based  on  weighing) 
for  DWRG  leached  under  several  conditions  at  90°C,  SA/V^.lcm1 


Leachant 

static  D.I.  water  l 
static  Stripa  water  l 
static  Stripa  water  + Fe 


Normalized  Total 

Time 

Mass  Loss  (q/m2) 

month 

3.62 

month 

1.15 

1 month 


27.46 
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Table  6-4 

Compositions  of  Stripa  water  and  iron  coupon 


Stripa  Water  Concentration  (ppm) 


_Na_ 

£ 

Ca 

Mg 

£L 

Si_ 

Fe 

£H 

A 125 

0.4 

59 

0.5 

283 

18.7 

0.02 

8.95 

B 73 

1.0 

24 

0.5 

121 

5.5 

0.07 

9.3 

Iron 

Coupon  Concentration  (wt%) 

£ 

Si 

_Mn_ 

£ 

£ 

Fe_ 

3.9 

2.43 

0.27 

0.08 

0.005 

Remai nder 

Figure  6-29.  SEM-EDS  analyses  of  DWRG  leached  in 
SA/V=0. lcm"1  for  1 month,  (a)  SEM  i 
(b)  SEM  mirograph  of  surface  layer, 
surface  layer,  and  (d)  EDS  analysis 


stripa  water  at  90°C, 
licrograph  of  particles, 
(c)  EDS  analysis  of  the 
of  particle. 
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Figure  6-29.  (continued). 


Energy 


Figure  6-30.  SEM-EDS  analysis  of  colloidal  particles  formed  during 

leaching  of  DWRG  in  stripa  water  with  the  presence  of  iron 
coupon  at  90°C,  SA/V^O.lcm"1  for  1 month. 
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the  solution  low.  Thus,  silica  will  keep  pumping  out  of  the  glass  and 
results  in  a higher  glass  leach  rate. 

General  Remarks 

Based  on  the  above  data,  we  propose  the  following  relationship 
between  glass  leaching,  zeta  potential,  surface  film  formation  and  col- 
loid formation. 

When  simulated  nuclear  waste  glasses  are  immersed  in  aqueous  solu- 
tions, the  release  of  modifier  ions  (i.e.  leaching)  produces  = Si-0" 
groups  on  the  glass  and  results  in  an  initial  high  negative  surface 
potential  at  the  glass/solution  interface.  The  reaction  of  these  groups 
with  water  produces  silanol  groups,  increases  the  solution  pH,  and 
decreases  the  glass  zeta  potential.  As  the  solution  pH  increases  to  the 
value  that  is  close  to  the  pH  for  hydrolysis  of  a metal  cation,  it 
begins  to  be  adsorbed  onto  the  glass  surface.  The  glass  zeta  potential 
will  become  less  negative  by  the  adsorption  of  these  metal  cations. 

These  metal  cations  can  also  react  with  monosilicic  acid  and  form 
charged  colloids  in  the  leachant.  The  stability  of  colloidal  particles 
in  the  leachant  depends  mainly  on  the  zeta  potentials  of  the  glass  and 
the  colloidal  particles.  If  oppositely  charged,  or  similarly  charged 
but  with  low  potentials,  these  particles  may  be  adsorbed  onto  the  glass 
surface  and  form  a porous,  rough  surface  layer  (compared  with  the  smooth 
and  nonporous  molecularly  deposited  surface  film).  If  the  colloids  have 
the  same  sign  as  the  glass  and  relatively  high  zeta  potentials,  they  may 
be  repelled  from  the  glass  surface  and  grow  in  the  leachate  by  adsorbing 
ions  from  the  leachate.  This  is  illustrated  schematically  in  Figure 
6-31.  The  size,  charge  and  composition  of  colloidal  particles  found  in 
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various  solutions  are  summarized  in  Table  6-5.  The  composition  of  these 
colloids  can  be  represented  as  (M)x  (Si )y  (0H)Z  (H20)u  (L)v,  where  L 
represents  ligands  other  than  water  radicals  (such  as  S or  Cl)  that  are 
present  in  the  leachant,  and  M stands  for  metal  cations  such  as  Fe,  Mn, 
Ca,  A1  . Si  is  the  major  component  of  these  colloids  which  suggests  that 
these  colloids  are  primary  silicates. 

The  colloids  in  the  leachate  will  adsorb  ions  in  the  solution,  thus 
preventing  saturation  and  increasing  glass  leach  rate.  The  formation  of 
a surface  layer  on  the  glass  may  reduce  the  silica  leach  rate  by  forming 
less  soluble  metal  silicates.  It  may  or  may  not  retard  leaching  of 
other  ions  such  as  Na  or  B. 


Summary 

Zeta  potential  of  SRL  131-29.8%  TDS  simulated  nuclear  waste  glass 
leached  in  D.I.  water,  A1 , Mg,  Ca  and  Zn  chloride  solutions  were 
measured  as  a function  of  leaching  time.  For  glasses  leached  in  D.I. 
water,  a high  negative  surface  potential  is  formed  initially,  but  de- 
creases after  longer  leaching  times.  For  glasses  leached  in  solutions 
containing  Mg,  Ca  and  Zn  ions,  a positive  zeta  potential  (+11  to  +32  mV) 
is  formed  initially,  but  goes  to  zero  after  a short  time.  Glasses 
leached  in  solutions  containing  A1  ions  develop  an  initial  positive  zeta 
potential  (+16  mV)  that  increases  (+42  mV)  after  4 weeks  leaching.  That 
is,  adsorption  of  A1  reverses  the  zeta  potential  of  the  glass  from  nega- 
tive to  positive. 

SEM-EDS  analysis  of  glass  surface  shows  that  multivalent  cations 
were  adsorbed  onto  the  glass  surfaces.  XPS  analysis  of  glass  leached  in 
ZnCl 2 solution  shows  that  silica  content  increases  as  leaching  time 
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Table  6-5 


The  size,  charge  and  composition  of  colloid  particles 
found  in  various  leachate 


G1  ass  Powder 

Colloid* 

Colloid** 

Colloid*** 

G1  ass 

Leachant 

Time 

Z.P.  (mV) 

Z.P.  (mV) 

Size  (ym) 

Composition 

SRL 

D.I. 

80  d 

-30 

-40 

0. 1-0.3 

Si  ,Fe 

131 

+29.8% 

TDS 

A1  Cl  3 sol  n 

67  d 

+40 

+40 

10-100 

A1  , Si  ,Fe 

Mg.  Zn  or 
CaCl 2 soln 

67  d 

0 

- 

- 

- 

10_1M 

NaCl  or  KC1 

80  d 

-25 

- 

- 

- 

DWRG 

D.I. 

l yr 

-30 

-26 

0.1-1 

Si  ,Ca  ,S 

Stripa 

Water 

6M 

-30 

-40 

3 

Si  ,Na ,Ca  ,S 

Si  1 i cate 
Water 

1 yr 

-30 

- 

3-15 

Na , Si  ,S 

0.1  ml/hr 

D.I. 

1 yr 

- 

-15 

0.2 

Si  ,A1  ,Fe ,Ca 

0.1  ml/hr 

Si  1 icate  water 

+ Fe 

1 yr 

-40 

-40 

1-100 

Si  ,C1  ,Fe 

* Zeta  potential  of  colloids  measured  by  electrophoresis,  Lazer  Z-meter 

**  Colloids  size  measured  by  SEM 

***  Colloids  composition  determined  by  SEM-EDXA 
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increases.  This  could  be  the  reason  that  glass  zeta  potential  decreases 
with  increasing  leach  time  in  ZnC12,  MgCl 2 or  CaCl2  solutions. 

Colloidal  particles  with  zeta  potential  of  -44  mV  and  +44  mV  were 
formed  in  0.1.  water  and  A1  Cl 3 solutions  after  67  days  leaching. 

Colloids  were  not  found  in  Mg,  Zn  or  Ca  chloride  solutions;  instead,  a 
relatively  thick  metal  silicate  surface  layer  was  formed  on  these  glass 
surfaces. 

The  presence  of  Mg  in  solution  reduces  the  glass  leach  rate  in 
static  or  flow  tests,  presumably  due  to  the  formation  of  metal  silicate 
surface  layers  which  retard  the  diffusion  of  dissolved  species.  Zn  or 
Ca  decrease  silica  leach  rate  but  not  as  effectively  as  Mg.  This  is 
thought  to  be  due  to  the  more  porous  surface  layers  that  form  on  glass 
surfaces  in  ZnCl2  or  CaCl2  solutions  in  comparison  with  those  in  MgCl2 
sol ution. 

For  glass  leached  in  A1 Cl 3 solution,  silica  leach  rate  is  reduced 
significantly  in  the  early  stage  of  leaching,  presumably  due  to  the 
formation  of  al umino-si 1 icate  surface  layer.  However,  due  to  the  poor 
chemical  durability  of  waste  glass  in  solutions  with  low  pH  values,  the 
glass  leach  rate  increases  as  leaching  time  increases.  The  surface 
layer  flakes  off  as  the  underlying  glass  matrix  dissolves. 

In  comparison  to  deionized  water,  the  rate  of  glass  leaching  is 
decreased  in  Stripa  ground  water  due  to  the  presence  of  Si,  Ca  and  other 
elements  in  Stripa  water.  The  presence  of  iron  coupon  in  leachant 
causes  the  formation  of  colloids  which  reduce  the  effective 
concentration  of  glass  species  in  solution  thereby  increasing  their 
extraction  from  the  glass. 
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Based  on  SEM-EDS  analysis,  the  general  formula  for  colloidal  par- 
ticles formed  in  various  leachants  can  be  written  as  (M)x  (Si)y  (H20)z 
(0)u  (0Ei)v  (L)w;  L represents  ligands  other  than  water  radicals  that  are 
present  in  solution. 
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CHAPTER  VII 

SUMMARY  AND  CONCLUSIONS 

The  mechanisms  and  kinetics  of  glass/water  interactions  have  been 
studied  for  over  50  years  and  have  resulted  in  the  publication  of 
several  hundred  articles.  The  classical  approach  to  this  problem 
assumes  that  two  primary  mechanisms  are  responsible  for  the  hydrolytic 
attack  of  the  glass  surface.  The  first  is  exchange  of  alkali  ions  from 
the  glass  for  proton  or  hydronium  ions  in  the  solution.  The  second 
mechanism  is  the  dissoluton  of  glass  network,  in  which  the  structural 
bonds  in  the  glass  are  attacked  by  hydroxyl  ions  in  the  solution.  The 
shortcoming  of  this  classical  approach  is  that  it  does  not  incorporate 
enough  of  the  phenomena  occuring  during  leaching.  Perhaps  this  is  not 
necessary  for  simple  glasses,  but  it  certainly  becomes  important  as  the 
glass  complexity  increases.  Examples  of  parameters  which  should  be 
included  are  the  solubility  or  equilibrium  concentrations  of  ions  in 
solution  and  the  interaction  of  these  ions  with  the  glass  surface  that 
change  the  leaching  characteri sties  of  the  glass.  Any  model  which  can 
be  used  to  reliably  predict  long-term  leaching  has  to  consider  these 
phenomena. 

Solubility-related  phenomena  play  a major  role  in  the  leaching  of 
waste  glasses.  The  pioneer  work  of  Grambow  [84]  reported  that  for  the 
leaching  of  PNL  76-68  glass,  the  behavior  of  elements  in  solution  could 
be  understood  in  terms  of  either  aqueous  solubilities  of  alteration 
products  and/or  by  the  kinetics  of  the  elemental  release  from  the  glass. 
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Recent  investigations  [9]  have  shown  that  solubility  of  the  leached 
glass  species,  particularly  solubility  in  the  altered  surface  layer,  is 
the  dominant  factor  controlling  the  leaching  behavior  of  waste  glass  in 
a system  in  which  the  flow  of  leachant  is  constrained,  as  it  will  be  in 
a deep  geologic  repository.  Also,  the  kinetic  of  establishing  solubil- 
ity control  are  relatively  rapid.  The  concentration  of  leached  species 
will  reach  equilibrium,  or  steady  state  concentrations  within  a few 
months  to  a year. 

Since  the  solubilities  of  glass  components  dominate  the  long-term 
release  rate  of  the  waste  glass,  it  is  essential  to  study  the  solubility 
of  leached  glass  species  and  factor  which  affect  it.  In  the  waste 
glass/water  system,  metal  silicate  and  metal  hydroxide  are  the  two  most 
important  species.  The  basic  principles  that  control  the  solubilities 
of  metal  silicates  and  hydroxides  have  been  elucidated  in  Chapter  III. 

In  general,  the  solubilities  of  a metal  oxide  and  silicate  in  aqueous 
solution  are  controlled  by  two  competing  forces.  One  is  the  attraction 
force  of  metal  cations  for  their  hydration  spheres;  the  other  is  the 
attraction  of  the  metal  cations  for  the  oxide  and  silicate  surface. 

Both  forces  are  closely  related  to  Z/R  (charge  over  radius)  of  the  M-0 
bond.  Due  to  the  similarity  between  Si  OH  and  HOH  as  ligands,  the 
adsorption  (or  desorption)  of  metal  cations  onto  metal  oxide  and 
silicate  surfaces  are  similar  and  comparable.  As  a result,  the 
solubility  of  metal  silicates  follows  the  same  trend  as  their  respective 
metal  hydroxides  or  oxides.  Both  of  them  have  a "t)"-shaped  solubility 
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diagram  and  a minimum  solubility  near  the  IEPS  of  metal  hydroxides. 
Glasses  containing  elements  such  as  Fe(III),  Cr(III)  and  Mg  tend  to 
dissolve  in  solutions  of  low  pH  and  have  relatively  high  durability  at 
high  pH.  Glasses  containing  amphoteric  elements,  such  as  Pb,  A1  or  Zn, 
tend  to  dissolve  in  both  acidic  and  basic  solutions,  due  to  the  high 
solubility  of  these  metal  silicates  in  both  pH  ranges. 

As  described  in  Chapter  III,  a series  of  leaching  experiments  was 
conducted  by  using  glass  composition  and  solution  pH  as  variables.  As 
expected,  the  chemical  durability  of  waste  glasses,  such  as  DWRG,  is 
highly  pH  dependent.  Such  glasses  show  maximum  durability  in  neutral 
solution  and  poor  chemical  durability  in  low  and  high  pH  solutions,  due 
to  the  different  solubilities  of  their  component  metal  silicates  in 
these  pH  ranges.  The  total  mass  loss  and  concentrations  of  soluble 
species  (B,  Li)  follow  the  same  trend  as  Si,  whereas  silica  solubility 
in  waste  glasses  diminishes  significantly  in  neutral  and  alkaline 
solutions  in  comparison  with  that  of  amorphous  silica.  Experimental 
results  also  show  that  the  addition  of  multivalent  metal  oxides,  such  as 
A1 2^3  or  ^e2^3*  was^e  glass  will  increase  glass  durability  in  certain 
pH  ranges.  A critical  multivalent  metal  oxide  content  is  needed  to 
improve  glass  durability.  Higher  multivalent  metal  oxide  contents 
further  reduce  silica  concentration  in  equilibrium  and  increase  the 
durability  of  glass  in  deionized  water,  but  not  as  significantly  as  th 
first  10  weight  percent  waste  loading. 
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The  highly  pH-dependence  of  the  waste  glass  durability  makes 
solution  pH  one  of  the  most  important  variables  in  the  waste  glass/water 
interactions.  Experimental  results  show  that  for  the  leaching  of  nearly 
all  glasses,  an  "equilibrium  pH"  will  be  reached  after  a short  period  of 
leaching.  For  the  leaching  of  binary  alkali  silicate  glasses  in  D.I. 
water,  this  equilibrium  pH"  is  reached  when  the  rate  of  hydroxyl  ions 
produced  by  al kal i -proton  ion  exhange  equals  the  rate  of  protons 
produced  by  silicate  ion  formation.  For  the  leaching  of  more  complex 
nuclear  waste  glasses,  the  interaction  is  more  complex.  The 
"equilibrium  pH"  is  determined  by  glass  composition,  solution 
composition,  SA/V,  flow  rate,  temperature,  etc.  Once  the  equilibrium  pH 
is  reached,  the  concentrations  of  leached  species  will  attain 
equilibrium  or  steady  state  concentrations,  within  a short  period  of 

leaching  (a  few  weeks  to  a few  months)  under  static  or  low-flow  rate 
conditions . 

The  concentrations  of  less  soluble  leached  species  (Si,  Fe,  Al  or 
Ca)  can  be  saturated  with  respect  to  the  surface  of  the  glass  (as 
modified  by  the  leaching  process)  fairly  quickly.  Once  their  solubility 
limits  are  reached,  these  elements  cannot  enter  the  liquid  unless  in  the 
form  of  colloidal  particles  or  precipitates.  In  contrast,  the 
concentrations  of  more  soluble  glass  components  (B,  Na)  tend  to  level 
off  in  the  early  stage  of  leaching  at  values  much  lower  than  their 
solubility  limits.  This  is  attributed  to  the  formation  of  a protective 


262 


surface  layer  which  is  nearly  impermeable  to  the  migration  of  all  glass 
components . 

In  Chapter  IV,  the  mechanism  of  surface  layer  formation  during  the 
leaching  of  nuclear  waste  glasses  in  D.I.  water  was  described.  The 
surface  layer  can  be  roughly  divided  into  two  parts--precipitated  layer 
and  leached  layer.  The  precipitated  layer  is  composed  of  deposited 
colloid  particles  as  well  as  adsorbed  ionic  species  from  the  leachate. 
The  leached  layer  forms  when  the  soluble  species  on  the  glass  surface 
are  leached  away  and  the  remaining  less-soluble  species  are  hydrated  as 
water  continuously  penetrates  into  and  reacts  with  the  glass  matrix. 

The  basis  for  both  the  precipitated  layer  and  leached  layer  formation  is 
still  the  low  solubility  of  certain  multivalent  metal  silicates  and 
hydroxides  in  neutral  and  alkaline  solutions.  For  waste  glass  leached 
in  deionized  water  with  high  flow  rate,  the  surface  layer  is  very  porous 
and  does  not  block  the  diffusion  of  leached  species.  Under  static 
deionized  water,  the  surface  layer  can  be  termed  “protective",  since  the 
concentrations  of  even  the  most  soluble  species  (B,  Na)  remain  unchanged 
after  a short  period  of  leaching. 

In  actual  service,  glass  waste  forms  will  be  exposed  to  repository 
ground  waters;  ions  present  in  the  ground  waters  will  change  the 
solubility  of  leached  species  and  affect  glass  leaching  behavior.  The 
effects  of  monovalent  (Na,K)  and  multivalent  (Al,  Zn,  Mg,  and  Ca) 
solution  cations  on  waste  glass  leaching  behavior  were  reported  in 
Chapter  V and  Chapter  VI,  respectively. 
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The  most  important  effect  of  monovalent  cations  on  glass  leaching 
is  to  reduce  solution  pH  by  ion-exchange  with  the  glass  surface  silanol 
protons.  As  a result.  Si  , B and  Li  leach  rates  are  reduced  for  glass 
leached  in  KC1  and  NaCl  solutions  in  comparison  with  glass  leached  in 
deionized  water.  However,  Ca  and  Mg  leach  rates  are  increased  in  both 
KC1  and  NaCl  solutions.  This  could  be  due  to  the  lower  pH  values  of 
these  solutions  after  leaching  which  will  increase  the  solubility  of 
these  multivalent  cations.  Also,  the  adsorption  of  these  alkali  ions 
onto  the  glass  surface  will  reduce  the  number  of  silanol  sites  for 
reaction  with  these  multivalent  metal  cations  and  increase  their 
solubilities.  K is  more  effective  than  Na  in  reducing  solution  pH  and 
glass  leach  rates.  This  is  probably  due  to  the  larger  size  of  potassium 
ion  which  makes  it  more  effective  in  blocking  the  diffusion  path  of 
soluble  species  such  as  Na  or  B. 

Multivalent  solution  cations  in  leachant  have  three  main  effects  on 
glass  leaching.  Firstly,  they  provide  a buffering  capacity  on  leachant 
pH  by  hydrolysis  and  adsorption  of  these  cations.  Secondly,  they  change 
the  solubility  of  silica  in  the  solution  by  forming  less-soluble  metal 
silicates.  Thirdly,  the  adsorption  of  these  ions  onto  the  glass  surface 
change  the  surface  potential.  The  combination  of  these  effects  makes 
waste  glass  react  differently  in  solution  containing  these  multivalent 
cations  in  comparison  with  glass  leached  in  deionized  water.  For 
example,  for  waste  glass  leached  in  AICI3  solution,  A1  ions  reduce 
silica  solubility  by  forming  a less-soluble  al umi no-si  1 icate  surface 
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layer  and  reduce  glass  leach  rate  in  the  initial  stage  of  leaching. 
However,  due  to  the  low  pH  of  A1C13  solution,  waste  glass  dissolves 
congruently  beneath  this  surface  film  and  causes  its  exfoliation.  The 
flaked  surface  layer  becomes  part  of  the  colloidal  particles  in  the 
solution.  These  particles  are  stable  in  the  solution  due  to  the  high 
electrostatic  repulsion  between  the  simi 1 arly-charged  glass  and 
particles.  Silica  will  keep  pumping  out  of  the  glass  and  form  less- 
soluble  colloidal  particles.  As  a result,  glass  leach  rate  increases 
with  time.  A similar  reaction  occurs  when  iron  (in  the  form  of  a solid) 
is  present  in  the  leachant.  Ferric  ions  dissolved  from  iron  react  with 
silica  in  the  solution  and  form  iron  silicate  colloidal  particles.  The 
high  negative  surface  potential  makes  these  colloids  stable  in  the 
solution.  The  saturation  effect  of  silica  on  glass  leaching  disappears 

due  to  the  formation  of  these  particles,  and  the  leach  rate  of  glass  is 
enhanced. 

For  glass  leached  in  CaC^,  MgC^  and  ZnClg  solutions,  a positive 
surface  potential  is  formed  initially,  but  goes  to  zero  after  a short 
time.  Colloids  are  not  stable  in  these  solutions;  these  particles 
precipitate  on  glass  to  form  a thick  surface  layer.  Under  certain 
conditions,  this  surface  layer  can  act  as  a diffusion  barrier.  For 
example,  for  glass  leached  in  MgCl 2 solution,  the  concentrations  of 
leached  species  level  off  after  3 days  leaching  and  do  not  change 
appreciably  up  to  67  days  leaching. 


265 


Basic  principles  developed  in  this  study  can  be  applied  to  a more 
complex  system  such  as  waste  glass/ground  water  interactions  or  a real 
repository  condition.  For  example,  leach  model  developed  in  the  present 
study  predicts  silica  solubility  is  the  dominant  factor  controlling 
waste  glass  durability.  Recent  studies  on  waste  glass/ground  water 
interactions  [98,99]  have  shown  that  the  leach  rate  of  Si,  B and  other 
soluble  glass  components  exhibit  an  approximate  inverse  relationship  to 
the  amount  of  Si  initially  present  in  the  leachant.  Also,  multivalent 
metal  cations  such  as  Ca^+  and  Mg^+  present  in  the  ground  waters  will 
reduce  silica  solubility  and  reduce  glass  leach  rate.  This  explains  why 
glass  shows  a lower  leach  rate  in  Stripa  water  in  comparison  with  glass 
leached  in  deionized  water. 

In  conclusion,  the  dominant  factor  controlling  the  long-term 
stability  of  waste  glasses  in  aqueous  solution  is  the  solubilities  of 
the  leached  glass  components,  especially  that  of  silica.  Because  silica 
is  the  major  network  former  of  silicate  glasses,  a low  solubility  of 
silica  is  essentially  equal  to  a high  durability  of  the  whole  glass. 

The  solubility  of  amorphous  silica  is  nearly  pH  independent  below 
pH  9,  but  increases  significantly  above  pH  9.  When  multivalent  metal 
cations  are  present  on  the  silica  surface  or  in  the  solution,  formation 
of  less  soluble  metal  silicates  reduces  silica  solubility  in  certain  pH 
ranges.  Glasses  containing  these  multivalent  metal  oxides,  such  as 
A1 2O3  or  ^e2^3>  have  a durability  in  solutions  of  certain  pH 
ranges.  Nuclear  waste  glasses  belong  to  this  category.  The  basis  of 
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this  model  1S  the  similarity  between  SiOH  and  HOH  as  ligands  in  reacting 
with  metal  cations.  The  strength  of  M-0  bond  determines  the  solubility 
of  metal  silicates  and  hydroxides.  Z/R  ratio  of  metal  cation  is  a 
measure  of  M-0  bond  strength.  The  chemical  durability  of  waste  glass 
depends  on  the  solubility  of  its  component  silicates,  thus  is  closely 
related  to  the  bond  energy  of  its  component  oxides  and  silicates. 
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